METAL DEPOCSI TI ON BACKGROUND OF THE | NVENTI ON Field of the Invention
[onThis invention relates to the field of current-carrying devices and
conmponentwO 2br/g39T6bi cul ar, the invention relates to a cRCTAISRO10AK45¢3 ng
device in concert with a voltage switchable dielectric material.

METAL DEPOSITION

BACKGROUND OF THE INVENTION

Field of the Invention

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

in concert with a voltage switchable dielectric material.

Description of the Related Art

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

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

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



Description of the Related Art Jo2lCurrent-carrying structures are
general ly fabricated by subjecting a substrate to a series of manufacturing
steps. BMORbEHDSOT9such current-carrying structures inclPaiaSpe0as4sds circuit
boards, printed wiring boards, backplanes, and other m cro-electronic types
of circuitry. The substrate is typically a rigid, insulative material such
as epoxy-inpregnated glass fiber lamnate. A conductive material, such as

copper, is patt 1%&&%9 sﬁ@seﬂﬁ@ﬂt reWHPlte%iﬁﬁ Si ﬂ(}@ﬂe%dﬁg%&rcﬂw and power

pl anes. Jo31Sone” prior art current-carryi evi ces are manufactured by

| ayering a conductive material over a substrate. A mask |ayer is deposited
on the condiddugidve mokerial e fiswidfaca pbthgsybstepiedn other peeiati ng pattern
exposes sel ect regions where conductive nmaterial is to be renoved fromthe
substrate. Jideesse)dbelecitBlebayRicedsSs LMV pbsiofHdIRtiS€liR& aridggHARNS by

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

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

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



mask | ayer is subsequently renoved, |eaving a patterned |ayer of the
conductive material on the surface of the substrate. In other prior art

pr ocesseswoan1glsewdr ol ess process is used to deposit comdnaiSeame/ob4sees and
pads on a substrate. A plating solution is applied to enabl e conductive
material to adhere to the substrate on selected portions of the substrate
to formpatterns of conductive lines and pads. [4] To nmaxim ze avail abl e
circuitry ieg élémefsecﬂefbeﬂalggw n RUDRL6AL CofRY RS ABRIL MBS enpl oy
mul ti pl e substrates, or use surfaces o one substrate to include
conponentry and C|rCU|try The result in either case is that multiple
substrate suefEEal NNBHE devi ce need to be interconnected to establish

el ectrical comunication between conponents on different substrate
surfaces. |6]SONBre@Yha@Sials k&EMES tObel¥ivas \oItaYE seflchublddierRagct i ve

| ayering extend through the substrate to connect the nultlple surfaces. In
mul ti-substrate PeV|c such. vi as ext.end throu t one substrate to
"ht er connech SRl FlEsn SHd AP AL P ars Do aTG PF BT BB anot her
substrate. In this way, an electrical link is established between

el ectrical poEoinenBscaaneotihetwldctrycabrestsiwmcs pré@aiss, dest hataddearsubst r at e,
or on surfaces of different substrates. [5] In sone processes, via
surfaces ar I ive
mat eri al eﬁtégﬁg é%&g ESQ@#@?*%ﬁgg%%gggﬁg1ﬁﬁﬁﬁﬁ%q£g?3%§2%g§% adhesi ves

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

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

and the substrate to provide over-voltage protection.



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

mechani ca

swi t chablwodbdlesetepi ¢ mat eri al s,

S

have been used in pri oPCRUS2@HOWFL563 t O

provi de over-voltage protection. Because of their electrical resistance
these materials are used to dissipate voltage surges from for
ghtning, static discharge, or power surges. Accordingly,
dielectric materials argMghpged in some devices, such as
printed circuit boards. In these devices, a voltage switchable dielectric
material is inserted between conductive elenents and the substrate to
provi de ovePlyvolYaipes spbrodipeyp inclglgamrihod for fabricating a current-

properties,
exanple, Ii
swi tchabl e

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

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

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

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

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

vol t age



[ 7] Various enbodinents include a nethod for fabricating a current-carrying
formation. Several enbodi nents address fabricating formations on or with a
Vol t age SwOotAshmIDi el ectric Material (VSDM . A VSDM nRETIUSCH10.084583
characteristic voltage, whose magnitude defines a threshold bel ow which the
VSDM i s substantially electrically insulative, and above which the VSDMi s
substantially electrically conductive. [8] A nmethod may include providing

a_conduct | VeeRAEHMANS (abALIRIy 8 doBURkicA 1) PR AbeERALWG POTLT on of

t he conductive | ane, and depositing a rically conductive
material on at |east a portion of the voltage switchable dielectric
material . Aveirdlserhess sparrpilisnke Aegiredncl ude a metal, a conductive
conmpound, a polyner and/or other materials. In sone cases, a conductive

backpl ane @y i NElsEe etbpdifbig! £melHddcOnipRises prvedingRnisDMa conducti ve
backpl ane may al so act as a substrate. In sone cases, a substrate nmay be

eroved, oy SR a0l SERBSA L8, PRt IR LSS Shgchecnem oo

characteristic voltage associated with the VDSM causing current to fl ow
and deposi t daposdimg/aomaietiehomagt least eqoution piothl intarmedibilayenidodi nents, a
package (e.g., a polyner) may be attached to a VSDM and/ or associ at ed

Ty be. 1 emed e P B P AR eI o by
decohesi on | ayer disposed between two materials whose separability be
desi red. properties, and the like. An intermediate layer may provide for a controlled

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

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

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

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

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

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

using electrografting.

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

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

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

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

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

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

electrical connections through a package.



[on] In some enbodi ments, a nmethod conprises providing a VSDM depositing
an internediate | ayer on at least a portion of the VSDM and depositing a
mat eri al w0 2011/d5em8t a portion of the internedi ate | ayePCTAS2010084568di at e
| ayer may i nprove adherence, nechanical properties, electrical properties,
and the like. An internediate |ayer may provide for a controlled rel ease or
decohesion. An internediate |ayer nmay include a diffusion barrier. In sone
cases, an i r t: i onal

mat eri al (e[ms?, ng%%%%ﬁ{eb}ﬁgﬁdgf%réj@lggﬁdrllﬁgg QS%?FXW&?M&C@ gggg(%%ed on at

| east a portion of the internmediate |layer. An insulating naterial (e.g a
pol ymer) meSprsee aepySPMdAsENESt mﬁﬁ%w&edﬁ@wwwtta@e@éﬁ@h&%ﬂt nmay be
deposited on an internediate layer. An internediate |ayer may be forned

usi ng el ectdecaBrclotheirise[KIddds aHﬁsEéﬁHFﬁoﬁ@Sbﬂ{él VEDSro d¥pbiiaen GRkipr i ses
providing a substrate having a DM and depositing a current-carrying

oLt 21 o Seest o8 B O ALy VSR BEEERAR BN 0 1 Fached o at

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

package. [@A31 A DosQ 4 PNk orAnBLRRCdoR B 5T ARAI YOG, 2 cont act
R A

mask to a sur ace contact mas e renovably attached such
that it seals or otherwi se blocks a first portlon of the VSDM from

deposi ti on, dﬁhﬁvéﬁ%ééﬁédaﬁ@é@éﬁdﬂﬁ@ﬁﬁﬁ%ﬁpﬁﬁfQWW@Rﬁﬁmmﬁ0$C@@B65|t|on of a
material (e.g., a current-carrying formation). [14] A contact mask may

i ncl ude an mASAYL kG ihQQHe hialecOdd, dE1iSalRy s%g\ﬁlfa%&ﬁfr@ﬁ’l thBgu¥RladWyand
demarcates or defines one or nore portlons contact mask may "al so i ncl ude

an el ectrod i cal arated fromthe surface | nsul ating foot.
In some enb .l?%lﬁ%@g AR R I e R Y R y be

imrersed in (or otherw se exposed to) a solution that provides a source of
I oNs associ @nettt mask neaydesintreersedhire(or athereidbexpeqdsb) @sbludov tatt age gr eat er
than the characteristic voltage of the VSDM nay be created, that causes

deposi tion gf, 118 453 idIRLELd ked Rifhfa QiblS RERATE Be BRpLERAS Of the

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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[15] In some enbodi nents, a conductor deposited on a VSDM may be et ched,
typically using a mask, in a fashion that renoves the conductor from
certai n rEgi2onsefest he VSDM The unet ched regi ons may f @CEUS0m0OM56Ear ryi ng
formati ons according to certain enbodinents. [16] A VSDM may i ncl ude
regions having different characteristic voltages. Certain enbodi nents

i nclude a VSDM having first and second regions. A first region may have a
first charagh@ides! £mi@ld@aey RULBSREFANGAGY: B fRYa0AYRoAY SECONd
characteristic voltage. Accordi ng to different processing conditions, a
material may be deposited on either of the first and second regions, or
bot h regi on§8iong dipth repdey. TaepBsiceseardapesibionpnrkagh sgdonrapapke f ol | owed by
a preferential etching of the deposited material from one region, but not
the other regb@Rd by [FefeeRHdORhIRNThe G dRBE nEAEr ifitEn bAE FRtdHONS are
formed on different regions independently of each other. [017] Any

structural Iitn‘i g%ioH descri bed herei n%dTﬁ% pe co ined.vvi{?h apot her
structural THRYHRS FHEEEANd e PN U RSP S e T Y e 959N ARy st ep
descri bed herein may be conbined with another step provided they are not
mut ual | y exark fisinwel 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.



BRI EF DESCRI PTION OF FIGURES [18] FIG 1 illustrates a single-sided
substrate device including a voltage switchable dielectric materi al
an enbodiwennigldtehe i nvention. [19] FIG 2 ill ustrat epCelUsean0iosssh3

under

resi stance characteristics of a voltage switchable dielectric material,

under

an enbodi nent of the invention.

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.



[20] FIGs. 3A-3F show a flow process for form ng the device of FIG 1.
[21] FIG 3Aillustrates a step for formng a substrate of voltage
swi t chablwodnalesetspi c material. [22] FIG 3B illustrat @TAIS3018/0545H3
depositing a non-conductive |layer on the substrate. [23] FIG 3C
Illustrates a step of patterning a non-conductive |ayer on the substrate.
[24] FIG 3D illustrates a step of form ng a conductive |ayer using the

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

switchable dielectric material and including a via interconnecting current-

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

the invention.

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

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

formed from voltage switchable dielectric material, under an embodiment of

the invention.

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

FIG. 7.

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

according to an embodiment of the invention.

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

process according to an embodiment of the invention.

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

segment having exposed pin receptacles according to an embodiment of the

invention.

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

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

(0361 FIG. 13 illustrates certain embodiments associated with intermediate

layers.



pattern of the non-conductive layer. [25] FIG 3E illustrates a step of
renovi ng the non-conductive |layer fromthe substrate. [26] FIG 3F

i 11 ustratwe 20hie0s58t6ép of polishing the conductive | ayer @OTIUSR190BESHS at e.
[27] FIG 4 details a process for electroplating current-carrying
structures on

[037] FIG. 14 illustrates an exemplary method and structure that
incorporates a conductive backplane.

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

[039] FIGS. 16A and 16B illustrate cross section and perspective views
(respectively) of a removable contact mask, according to certain
embodiments.

[040] FIG. 17 illustrates deposition of a current-carrying material to form a
current-carrying formation, according to certain embodiments.

[041] FIG. 18 illustrates a current-carrying formation fabricated using an
etching process, according to certain embodiments.

[042] FIG. 19 illustrates a voltage switchable dielectric material (VSDM) 1910
having regions with different characteristic voltages, according to certain
embodiments.

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

formations, according to certain embodiments.

-10 -



a substrate fornmed fromvoltage switchable dielectric material, under an
enbodi nent of the invention. [28] FIG 5 illustrates a dual-sided

substr at ewgevilgsofeor med from vol t age swi t chabl e di el ect PCE/Use10/0548b3 and
including a via interconnecting current-carrying formati ons on both sides
of the substrate, under an enbodi nent of the invention. [29] FIG 6
illustrates a flow process for formng the device of FIG 5. [30] FIG 7

illustrates a nulti-layered pgRsiif gbepHe¥ReEricNg! udi ng substrates forned
from vol tage sw tchabl e diel ect% c mat er?aF, t%!ger an enbodi rent of the

invention. [31] FIG 8 illustrates a process for formng the
mul ti - subst P44 e EraRedimepts gtjthe inpention 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

S11 -



[32] FIG 9 illustrates an exenplary waveformfor a pul se plating process

according to an enbodi nent of the invention. [33] FIG 10 illustrates an
exenpl ar ywoaoefospTeef or a reverse pul se plating process RCTArSAN104H54563 an
enbodi ment of the invention. [34] FIG 11 illustrates a segnent of an

interior structure of a connector, the segnent having exposed pin
receptacl es according to an enbodi nent of the invention. [035i FIG 12

shows a_perapaqty ¥e e QbdARLLIRR-0h §ias RATRRLlogkhfRe il Wi Lh a mask

di sposed t hereomn, according to an enbodi nent o 036] FIG

13 illustrates certain enbodi nents associated with internediate | ayers.
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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[037] FIG 14 illustrates an exenplary method and structure that

I ncorporates a conductive backplane. [038i FIG 15 is a diagrammtic

i 11 ustratworronfosats®achi ng a package, according to sone echas2omom654563 [ 39]
FIGS. 16A and 16B illustrate cross section and perspective views
(respectively) of a renpovabl e contact nmask, according to certain

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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enbodi ments. [40] FIG 17 illustrates deposition of a current-carrying
material to forma current-carrying formation, according to certain
enbodi merwe.2011)049769F1 G. 18 il lustrates a current-carryi RGTIUSRONAIFLIA3
fabricated using an etching process, according to certain enbodi nents.
[0421 FIG 19 illustrates a voltage switchable dielectric material (VSDM
1910 having regions with different characteristic voltages, according to
certain er‘rb[ggﬁ M0t Snconductive 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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[043] FIGS. 20A-Cillustrate the deposition of one or nore current-carrying
formations, according to certain enbodi nents. DETAILED DESCRI PTI ON [ 44]
Enbodi nerwe 20f1/5he9i nvention use a class of material, r@C&useadoossherein as
vol tage switchable dielectric materials, to develop current-carrying

el ements on a structure or substrate. The electrical resistivity of a

vol tage switchable dielectric material can be varied between a

non- conduct i e S1AL RN bHARAUCINE 118k EoPiheAN-ARPY £t age. Met hods

of the invention render the substrate structure conductive by applying a
voltage to the voltage switchable dielectric material, and then subjecting
t he subst r dfefesrblyt thasvbgteate is syhiestied dp po elrshpbyaic Pipserwdenthy s process
causes current-carrying material to be formed on the substrate. The

current - carviliaigg sWwacriblatel&aic RatdRPRSh hedn@ictirlsefé. TRIbIBRSoIPfC t he
substrate to forma patterned current-carrying |ayer. The applied voltage

is then renoved so that the substrate.or structure returns to the

non- conduct PSS A AP RLH T REn Tt dn i GaP YIS 17 &6 AU PBER Bat t er ned.
As will be further described, enbodiments of the invention provide

si gni f i cantthadeginhademedsrthp petteious thewdcesndativadayeur Oeat - car ryi ng
structures. Anpong ot her advantages, current-carrying material can be

pat t er ned %’Ev%nlag% o7 RS Eﬁ%&nﬁ\é&t% SRl cfﬁtéﬁ%gg-tca}%?&e{g RliNgngRst 1y _and

ti me-consum ng st’eps such as etching an S processes. [45]

Vol tage switchable dielectric materials may al so be used for dual -sided and
mul ti - substiehtieatedon elesstitafiegviting reduces taickngss relaliee ORTPEOBS cont ai ni ng

el ectrical conponents and circuitry. Vias in substrates formed from voltage
swi t chabl e dirglr8@tdelfefBARD] @leDabiBrhedtu@ichOBNeFihg @b@edildnc@h beomponent s and

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

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

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

otherwise provide conductive layers to surfaces of vias. In previous processes
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circuitry on different substrate surfaces. A via can include any opening of
a substrate or device that can be provided with a conductive |ayer for the
pur pose oVoebuaspiegal |y i nterconnecting two or nore sub®CTAIS19084568€sS.
Vi as include voids, openings, channels, slots, and sl eeves that can be
provided with a conductive |ayer to interconnect electrical conponents and
circuitry on the different substrate surfaces. Under enbodi nents of the

| nventi on, i @liéfidedd AyERMNEACGUIRIISRRANI Sl B IndRlBlbuRly STl e

el ectrochem cal ‘process. "For exanple, vias in a age swtc e
dielectric material substrate may be plated using an electrolytic process.

The vias cad dedermeitgopissesscihslatinenmpierighibends ahetathe prrtigsthat process
used to pattern one or nore conductive |layers on a substrate surface or

surfaces of cdnfisrigdamé 6d 1hR46eddinaBoedReidt pRaticléfcahbe provemationnd a _
current-carrying structure is fornmed froma voltage switchable dielectric

material. A cyrrent-carryin .arnpti on .can .be forned on one or nore
Tl ot o s bt st Aol i PR e A RE sl PS AR e o ™ ur v ent
carrying” refers to an ability to carry current in response to an applied

vol t age. Exampinegyahd clispreesion obihe pianirleretleng alrfacendéfirdeg begviet isc and
conductive materials. As used herein, "fornmed" includes causing the

current -car 5f¥énnignyje9feg@ftz&c10§hchpa .E@Js%ttﬁ[ Hﬂggd s B (Eﬁééoﬂtfﬁuwio(f b2

current-carrying material 1s deposited in the presence of “a current applied
to the substrate. Accordingly, current-carrying material may be

el ect r odepoRlptiag obhswrfadge! g g gbsoksn atiseme ilixtvigt e t hr ough processes such
as electroplating, plasna deposition, vapor deposition, electrostatic

processes, o hydet fRevidiBR0lessdREhdREDERSS BSIR% IR S&] Bendsed to form
the current-carrying formation in the presence of an electrical current.

(i cknese. oI TRRE BTI<En O EAP PTG DT A & iy Db WSg8I 1 on of

like material onto selected sections of the substrate.
material. The mechanical bonds are relatively weak in comparison to
electrochemical bonds formed on surfaces of the substrate. The mechanical
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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[47] An el ectrobonding interface is formed between the current-carrying
formation and the substrate. The el ectrobonding interface conprises an

i nt er f acewbayavosgfevel ect r obonds bet ween t he current - car Pgrag2610/08563 on and
the substrate. The el ectrobonds are bonds forned between nol ecul es of the
substrate and nol ecul es of the current-carrying material that are

el ectrodeposited onto the substrate. The el ectrobonds formin regions of
the substrapg, V"'!@r&m@nggﬁié 5§9£{ta [ BNE pFBHE LA, PRbRIALC dhétpgﬁpﬂﬁ' ted to
formthe current-carrying fornmation. f48] As el’ectrobonds form between
nol ecul es, el ectrobonds exclude bonds formed as a result of electroless
processes WRENEGBITEBGICRYY B foHBatiqnsr @t By JafHngrEtae pre vaSH- be
mechani cal ly or otherw se added to the surface. Electrobonds exclude bonds
formed in pae&esi®go phidk aftBeétHEs thhbfeqaxanplefacspRAiMgticRBsIbEt | ve materi al
onto the substrate using adhesives ang'other types of nechanical or

chem cal bonds. Exanmpl,es o ocesses wher.e current-caryyvi .aterial m
baCel oot r oduBoLrE Re T Rat Bl e B Sl e e Pl ey e & bRl 1 asmm
deposition, vapor deposition, electrostatic processes, and hybrids thereof.

[ 49] A noncamductivesmateaipébearaye the spefhtasron @k vns aretrivé ogwrvisee of t he
substrate to define the selected sections of the substrate. The substrate

s then subjged,d Qi BhESHHIGRSI TRl IOGESS b AAL BT8Rl Iy Torm the

current-carrying rormation on t sel ect'ed regions o ubstrate. The
nonconductive | ayer may conprise a resist layer that is renoved once the
cur r ent - cartspragd 1 empadinegmts of the inveation be¢raise Srevaltage giveaalde t he
substrate. The nonconductive | ayer can also be forned from screened resi st

patterns, WickbtrkahatehihlBFmRe: tAEEHBRERE L bd BABY b R1ctike _ahhhg teubstrate.
[50] A voltage switchable dielectric material is a material that is

nonconductbée unill a voltage i gpgll d tgﬂ{ exceedf a characteristic
threshol d vVOFTHRE BRI RIQCCSAD 5 Ut & OBHAFURIEEMEEY P THFEEHY A3 age val ue
the material becones conductive. Therefore, a voltage switchable dielectric
mat eri al i sthewutrehabireyibe hvaeainl arsdeactdoaiditcidtive whdt eorared durtgitact | ve
state.

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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[ 51] An el ectrochem cal process includes a process in which conductive

el ements are bonded to a voltage switchable dielectric nmaterial while the
vol t age swiDtehishmodi el ectric material is in the conducPCrasgeiainsdseAn
exanpl e of an el ectrochem cal process is an electrolytic process. In an
enbodi nent, an electrode is imersed in a fluid along wth anot her
material. A voltage is applied between the electrode and the other materi al
to cause i I e ot her
matorial. R E e b B D e BT U e
substrate fornmed fromvoltage switchable dielectric material. A
non-conduct@@%ﬂﬁh?@ﬂﬁiEﬂmﬁﬁtterned onto the substrate to define regions on
the surface of substrate. Preferably, the substrate is subjected to an

el ectrol ytigsopr Quashg WHRA all ih tY@stpRgeidswbl Chalddemehielof BdinGertdrer i al is in
a conductive state. %he el ectrolytic process causes conductive material to

increnental ly formo he substrate . in.the regions_define the pattern
of the. non-EHEHALFIE S35tss SO SagHN SR GAT P ©IRB RIS | 5 ¢ hat e
current-carrying formati on can be fabricated on the structure with a

reduced t hi tkleess maksbl togldto vipsenieowwsnsubet thatléffatent tbstratdl so, the
patterned current-carrying formati on can be fornmed w thout inplenenting

sonme fabri C&&'fa‘ag% 51‘1%?%0%&? %f&t&é}r&?ﬁﬁ’la&r falééa%‘b‘étfkifrﬁéd off YEH @¥imof OF

exanpl e, steps etching, or e sgeps of masking, 1nmaging, and
devel oping resist layers. [53] In another enbodi nent of the invention, a
dual - si ded ¥uPestrdyec pecessenwihpat havéng realigr slke subsepiedn regians frakonnect
conponents on both sides of the substrate. A patterned current-carrying

layer is foydie@ (RO vRACThS eIy dubRnsUhs)natiSrerONEnl iRy as ext end
t hrough the substrate. The substrate can be subjected to one or nore

el ectrochem.cal. processes whi%e in the ca gu tive state, capsin
cur rent - car ST HGHEER Pl Eobdnaidhrries sl l4a tnse b Seekrisial Gridthe
substrate, including on surfaces defining the vias. The sel ected sections
of the substeataten sstaesdéi torachshyprior admebindibstrateeldvitgehavepladener ned in a
previ ous step.

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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[ 54] Several shortcom ngs exist in previous processes that plate or

ot herwi se provide conductive |layers to surfaces of vias. |In previous

pr ocessesworhatosgmposit seed | ayers on surfaces of viasPamaSeoensssab) ect
those surfaces to an electroplating process, the plating materi al bonds
only to the particles that conprise the seed | ayer. Seedi ng conductive
particles can be problematic and costly, since it requires additional

nanufacturiggsﬁéﬁgiﬂmgg&hbgﬁgmthe continuity and dispersion of the
particles along surtaces defining the vias is often inperfect. As such, a
substantial risk exists that the continuity of the plating of a surface of
a via is brid¥en Fie- Sismecrpesnseciional viayssha dees insp e 4ing v ses use
adhesives to form nmechani cal bonds between surfaces, or between particles

in the surfagiecHableadivledriamshtarifOMestan\cen iRt @ehedf.thd iveRB6RhaR @@ bonds are
relatively weak in conparison to el ectrochem cal bonds fornmed on surfaces

of the substrate. T nmechani ca tur f. the bonds forned between the
ourface of THEOGEN Lo TR FESRASRE R eiTes MarerhL Bt 88 pr one. t o
failure. To conpound problens with previous devices, a failed plated via is
det ri nment al substrbted Oehthe devseeh sltheatottageswizehabldi6lectFicphatatihlis nehas ar e
plated only after the substrate is provided with conductive el enents on the
substrate's i ' ' - i ced or
caused unt ;1S TEoRy SEpVISER bl faRbBL AR LRI Bl °0 e
assenbled. If plating a via fails, re-plating the via is not feasible in

t he assenblarplhggiaceltage having pHeagmitidedhafeiicessspabarastapistigiveléageddd. Thus,
one failed via in a device having several vias and substrates is enough to

g?us e '([jhg etk inhRedAY Nifinerol§ bxith ps 81 4 vertadehevifARbI ciadiedris uhediat es, to be
i scar ded.

have been developed, including those described below with reference to FIG.
2. Applications in which current-carrying substrates are used include, for
example, printed circuit boards (PCBs), printed wiring boards, semiconductor
wafers, flex circuit boards, backplanes, and integrated circuit devices. Specific
applications of integrated circuits include devices having computer
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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[ 57] Anong ot her advantages of this enbodi nent, problematic nethods for
formng current-carrying formati ons on surfaces defining vias are avoi ded.
Accor di ngwoceopriseredart net hods that require a surface mpdirfuse@viosdsss o be
conductive, additional naterials are required to prepare vias to bond with
a conductive material because the surfaces of the vias are not otherw se
conductive without these materials. Thus, additional materials are not

needed in eg%ggvﬁ?gpt@aﬁfelﬁm{ A%E é%g?%g%%ghdé{%%eg)%ﬂeﬂ%orﬁ%tChabl e

dielectric ormng the subs can made conductive during the
el ectropl ati ng process. As such, bonds formed between surfaces of vias and
t he curr enteledrqdgiing heplelion) TheibsirgtetlPiiceaposed Fadeisel tiopdylesthe ned duri ng
the el ectrochem cal process. The bond, herein referred to as an

el ect r ochendialge baitdhabls dldcangaterARR MARsndDInRE ctyd reedediparti cl es or
adhesi ves. Mbreover, the surfaces of the vias are uniform surfaces of a

voltage swtchable dielectric material. Thus, electrical gontinuity through
The vias | hEhactEsretirEgy SriedRbEfetbsiapd vt 14 figerfiGeh T on. o

mul ti-substrate device includes two or nore substrates each fornmed froma
vol t age swi preleatelmirdidglagietn.i Thenpried eliearnineBamitesuisgormaddeby pattdrairgdj ect ed to
an el ectrochem cal process to forma conductive |layer. A pattern of each

conduct | ve AgYesnd 0L ffEt S MGt B RALIATRLNGCS AomopoRsluRthye [ayer to

define the pattern e current-carr ormation.” One or nore vias nay
be used to electrically connect current-carrying formati ons on one or nore
of the subsYqlegeswitehate diglegtigpnaisaiaf isrifnblee (R CH Frestpies e PeEsyabst r at es
are subjected to the el ectrochem cal process.

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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[ 59] Anong ot her advantages provi ded by enbodi nents of the invention,
mul ti-substrate devices use the conductive state of the voltage sw tchabl e
di el ectriworatienspmb to plate vias interconnecting the diPCTaSe/ 084563t r at e
surfaces. Therefore, current-carrying materials can be forned on vias
during an electrolytic processes without having to alter the substrate in
regions that define the vias. The resulting current-carrying |ayers forned

in the vias @iegmc%%@ngﬂ YardRAUES i eI ggct}ibztﬁtreéi&?né/ei A Whidigh! to

establish electrical contact between substrates. In contrast, prior art
mul ti-substrate devices have been El agued by occasionally ineffective vias,
whi ch of t ens ceadyctivg. s shawndnthile2 ¢ eleciishkresiaipaceieithe subsdidthg to be
di scarded. [60] Another advantage provided to enbodi nents of the invention

i s that inchlesdrly@ivikhssdpstpiati@nh Brged 16O thav@ktiagefcsatichabl e
dielectric material al so provides voltage regulation protection to the

devi ce as vt\/nol e glllfgme.r ous .agaﬁl ications for enbodinents of the invention
exi st. Enbodfiiert &alsp S MEMEdgtnt i on nay be enpl oyed for use with, for
exanpl e, substrate devices such as PCBs, surface nount conponents, pin
connect or s, [0&harlh aoandsdimaat, Magaedes batvween! laynelr 9 vt €0 femldst theA.  Si ngl e
Substrate Devices

voltage switchable dielectric material conductive. Preferably, Vc is between 5

and 50 volts, using one of the compositions for voltage switchable dielectric

material listed below. In some embodiments, a voltage switchable dielectric

material is formed having a thickness such that the material switches from an

insulating to conducting state at a voltage characterized in terms of a field

(e.g., a voltage across the thickness of the material). In some embodiments, a

switching field may be between 10 and 1000 volts/mil. In some embodiments,

a switching field may be between 50 and 300 volts/mil.

[066] In an embodiment, a voltage switchable material is formed from a

mixture comprising conductive particles, filaments, or a powder dispersed in

a layer including a non-conductive binding material and a binding agent. The

conductive material may comprise the greatest proportion of the mixture.

Other formulations that have the property of being non-conductive until a

threshold voltage is applied are also intended to be included as voltage

switchable dielectric material under embodiments of this invention.

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

provided by a material formed from a 35% polymer binder, 0.5% cross linking
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[061] FIG 1 is a cross-sectional view of a device incorporating a voltage
switchabl e dielectric material, under an enbodi nent of the invention. In

t hi s enboalDreem0s9t6he vol t age switchabl e diel ectric mat ePCaRIUSRGL00845d3t 0 f or m
a 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 nmagni tude that exceeds a

characteri stj A LAl %P§¥1 : : fi.@.vol t age

swi t chabl e %ﬁegf'\eég? &?g@&néih@gx(@ﬁg@gb 'eTehﬁ eve *3%8359’?‘?&%‘3%?%%5@? hose
described below wth reference to FIG 2. .i_réilﬁ)l ications in which

current - car3aH fijcanggsbber B cps-luddes agrat infdudesofarex aesericle, pid Biced circuit
boards (PCBs), printed wiring boards, sem conductor wafers, flex circuit

boards, backpldapgss pander iRtIBEESHRReIGHFIEHTD nledhGesragSpagidé s-appl i cations
of integrated circuits include devices having conputer processors, conputer

readabl e nmepory devic t her boards, ,a PCBs.. .[0621 vpl t age

G t chabl 6 AreeE G ardpt arofre wetL AR paraa b e tas PR e
fabrication of a patterned current-carrying formati on 30. The

cur r ent - carbindey 1.08r arass lorkidga gent.aanclodifloh atndarctiob pondiey iwdhaed the
current-carrying elenents 35 forned onto the substrate 10 according to a
predet er i nedly Rat b8, (UG CUTARRE 2BA1 Yid'hel BHHRL RLA0EL Hdes
conductive {erials. e current®carrying tormation 30 1s forned from
precursors deposited on the substrate 10 during an el ectrochem cal process
in which théesgabech@geovewi t chabl e diel ectric material is rendered conductive
by an applied voltage (see FIG 2). In an enbodi ment, the precursors are

i ons deposip@fl fOeer nglIessr @daubitOpAtiSIeS, Wohfers, bR AL fRl e 10 IS _
exposed to the solution while the voltage switchable dielectric material is

mai ntai ned in the conductive, state. 63] The precursors selectively
deposit on fHe’ 'ii‘EEPY"Hfuléabi‘E)gﬁiE&HﬂchﬁﬁL?gla& ‘Brlude cLRPHEY DERINERN. The
predeterm ned pattern is fornmed by patterning a non-conductive |ayer 20
such as a riesi, stlvérapkin(ige éeall) &S, brdBee3 Byass Woppet, besnmuaht @beltswi t chabl e
dielectric material is in the conductive state, the precursors deposit only
on the expo i f . at . rhe..yoltage jtc | e
dielectric I?lrg ee%:ﬂg*l’ Ilgﬁlyf% ﬁgﬁ@ﬁhéé}%t%}%% %P éat%%mc%ﬁol¥§rbr% (g‘?(éac rdgt em cal bonds
with the precursors in the exposed sections of the substrate 10. In an
enmbodi ment , othprecandrcdvnaaterialsekrcayein the aftrh@gandp-difpersesl wghimed from a
resi st |ayer deposited over the substrate 10. The resist layer is then
masked and @xReseddhsaNBRliRghBEnP AL SIR.cofdubilveBhdinkA¥Rrial af4] FIG 2
illustrates the resistive properties of voltage sw tchable dielectric
materials as a function of applied vol tage. The vol tage s 'tr(r:gabl e

di el ect ri ¢ RAMEFCESHT RAYMEEN CHMiST i FASTHS AP RS SidSProlttedave a
characteristic voltage value (Vc) specific to the type, concentration, and
particl e spgeaisag aofwellng duedreratatials khowmh alié o1 thod avotdpagk df Magr-can be
applied to the voltage swtchable dielectric material to alter the

el ectrical resistance properties of.the, material.  lf th ni tude of Va
Fanges bet vbincs aRd e BRRsk R p bt & atapet B o1 a1 “has a
hi gh el ectrical resistance and is therefore non-conductive. |If the

magni t ude odielggtrimpoatersl aye provided ol tesgyencepisudhatll . 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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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 substweatelmsefeer abl y switches sharply from high to PERUSS@00ES3 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 betmeen 5 and 50 volts, using one of
the COWOS'&gﬁﬂﬁaﬁ&{s, HOhY AR S AADLA o dnEloPpd efer B libiah lobv?é ed bel ow.
In sonme enbodi nments, a vo tage SWtc able ctric material 1s forned
havi ng a thickness such that the material switches froman insulating to
conducti ng atbglewat a vol tage characterized in terns of a field (e.g., a
vol tage across the thickness of the material). In some enbodiments, a

swi t ching fjo@l d Amyhdexheipiesin déltardwliRRbIv didsdtnt h‘.atérﬂil vRIggodi ment s,
a switching field may be betmeen and 300 volts/ml. In an

enbodi nent , a l.e material i fmnmjﬂom

conpr i 51 ng B t?l%ﬁ“%ﬁﬁ‘régﬁ@?gﬁwaﬁ%@ﬂ% relggeny %%ﬁaewhaﬁ%sﬁaﬁg%a ina

| ayer including a non-conductive binding material and a binding agent. The
conduct i ve fimledivaledreyndoetipe psicteheligpoeat st repinapetetinbnYafandther m xt ur e.

O her formul ations that have the property of being non-conductive until a
threshold v s voltage
swi £ ahabl ¢ ' Saee) AR L IE el BEREEE B PR R SRR 1O 1671 A
specific exanple of a voltage switchable dielectric material is provided by
a material Nerh&d Phorcarresuehby yeferense herein, whigugiceleses 4 makixd agent, and
64. 5% conducti ve powder. The pol ynmer binder includes Silastic 35U silicone
rubber, thesephR%Sphitidles O caaRRE vE REkdEeSanBEParNEpaMicli8.ofand the conductive
powder i ncl udes nlckel with a 10 mcron average partlcle si ze. Anot her
formul ation far vol t age .swi t chab] e mat |aI i nc 35% mer bi nder,
1.0% cross FHRMY CEyanTteriakiga A 008 Btk }V@@ﬁ&%ﬁ'ﬁ LR Spol yner

bi nder, the cross-Ilinking agent, and the conductive powder are as descri bed
above. [ O68iavethevioexaiploegoratedcanidge switehqide tietdcesc mpendsriato or fil anents
for use in a voltage swtchable dielectric material can include al um num
beryl |l ium f'y opper,

bi smut h, % ﬁ?%(%%éﬁ35|ﬁﬁ]gﬁ%PM%%%%ﬁ%S%%Fﬁgélﬁﬁgﬁﬁgﬁﬂg%%%$8 rbi de, boron
carbide, and ot her conductive materials known in the art that can be

di spersed wirtchVi$. Batent Mpi 492810K cisgigpistestipn gesigembothtHeviigmatonduct i ve

bi ndi ng material can include organic polynmers, ceramcs, refractory
materials, Waxe9 ﬁﬁgdbﬁfa@ﬂgcghé§§ps as well as other materials known in
the art that are capa e of interparticle spacing or particle suspension
Exanpl es of volta smntcg%ble diiel ectric terjal are provided in

ref erences Wltbh eSS F Blitdie Aowarovrs by Oﬂn}nsa%ﬂ%%%yemﬁurr@ltoes 634,
U S. Patent No. 5,099,380, US. Patent No. 5,142,263, U S. Patent No.

5, 189, 387, ddrginPat@ntirdNm a &yla8 etk ShoWnSn FRat Eﬁhtndhban omBOdind® of WO

96/ 02924, and WO 97/ 26665, all of which are incorporated by reference

herein. The h@ rn%?e%%tonl 'ﬂ{e rt:'ltolwofg]rocesss IeQér%BFF éjs a[ Sro%gs%qm %1 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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nodi fications, derivatives, and changes to any of the references listed
above or below. [69] Another exanple of a voltage switchable dielectric
mat eri al we2prionspmed in U S. Patent No. 3,685,026, i ncoPpDsReEd/op4s63
reference herein, which discloses finely divided conductive particles
disposed in a resin material. Yet another exanple of voltage swtchable
dielectric material is provided in U S. Patent No. 4,726,991, incorporated

by 1 ef erencoheraife isthlie b AeSpl03eR oiER LY e ApiR8NBAALERALILHC! €5 of

conductive materials separate partic sem conductor materi a
coated with an insulative material. O her references have previously

i ncor por at eiteveltaggyavishablattiplestriginaatedilqar bggharqdlios aighted exi sti ng devi ces,
such as disclosed in U S. Patent No. 5,246,388 (connector) and U.S. Patent

No. 4, 928, 18%liceiisie UWhilpkeine ehibddidems dejorive@thbrih diliccdesbrtidAllcor por at ed
by reference herein. [70] FIGS. 3A-3F illustrate a fl ow process for
formng a single er current-carrying . structure on a substrate as shown
S T SRR YSRGS o AVUR U TRECRI i DS
exenplifies a process in which the electrical properties of a voltage

swi t chabl e d¥iglhablerdielectsit endtalialaha is seddddodmpbd mta acwnr@marcar r yi ng

mat eri al according to a predeterm ned pattern. [71] In FIG 3A a

subStrat e 10,587 Qithdedof 185 S LIRS, LLOMARAI AT A ENRD! &

dielectric materia S as di nmensi ons, shape, conposition
and properties as necessary for a particul ar application. The conposition
of the vol tiaBe JniflehBhracaiendaetvedayrit2dris depestnd weesBeisebstede {hat

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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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 appwpeatiosazeo\Whi | e sone enbodi nents descri bed her @Ch/U$2é10/064563
essentially planar substrates, other enbodi nents of the invention may
enpl oy a voltage switchable dielectric material that is nolded or shaped
into a non-planar substrate, such as for use with connectors and

seri conduct g fRARANRRISr thl ZRkrbiEbcedBis AABRCANTHGL ve | ayer 20 is

deposited over t ubstrate 1 non-con ayer 20 can be forned
from a phot oi mageabl e material, such as a photoresist |ayer. Preferably,
t he non-conﬁﬂ@WﬁV@HFQV@ﬁH?Gmp§nﬁ@@ﬁ@ﬁﬂPWBWW$JHQy4TiInlresist. FIG 3C shows
that the non-conductive layer 20 is patterned on the substrate 10. In an

enbodi ment , (o) MaE FIG SRR h@HcoN@RIctivORyaPTe £eBABCEd ¥End@YRAFy #Bm The mask is
used to expose a pattern of the substrate 10 through a positive

photoresist., Th ttern of the exposed, s trate 10 corres ds to a
Pactern i n BrupstEds e RuepyRHEBrBehEt 1 hi-Sonlubeitrt Be t or med on
the substrate 10. [73] FIG 3D shows that the substrate 10 subjected to an

el ect r ol yt i inclumdes pestovdsist,eh¢ pbotoodsish genystwi st ppdal Booh thesatfadecofitbe erial i s
mai ntai ned in a conductive state. The el ectrolytic process forns a

cur rent - car L agfBTRL 83001138k, ARGLUYSHRULEPALASAILY(KEg P! ement s 35.

In an enbodi ment, the ectroplating process deposits current-carrying
el ements 35 on the substrate 10 in gaps 14 in the non-conductive |ayer 20
created by FPhstiamptidinathex pedrAgnememalcntriay water to strip the resist layer.

In FIG. 3F, the resulting conductive layer 30 patterned onto the substrate 10
may be polished. An embodiment employs chemical-mechanical polishing
(CMP) means.

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

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

voltage switchable dielectric material is applied to the substrate 10 while the
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Addi tional details of the electrolytic process as enpl oyed under an

enbodi nent of the invention are described with FIG 4. [74] In FIG 3E

t he non- oot (599l ayer 20 is renoved as necessary froRCTRS2610/084565t e 10.

In an enbodi ment in which the non-conductive |ayer 20 includes photoresist,
t he photoresist may be stripped fromthe surface of the substrate 10 using
a base solution, such as a potassi um hydroxide (KOH) solution. Still, other

erbodi ment S iRk RBOMMBLEY i LRI M BRI THAY Bliratk 10F G _3F, the

resul ting conductive layer 30 pattern onto the substrate 10 may be
pol i shed. An enbodi nent enpl oys chem cal - mechani cal polishing (CW) neans.
[75] FIG 4sviEthsp Fsa eenslugbive plgfmawth astis éh%stéFﬂthaEI@Enah%PE]ﬁ]ﬁﬂs on the
substrate by use of an electroplating process. In a step 210, the

el ectropl atvdlggphekes shd ABLLRI 0fcon Ml A cpdueln@Gire@lryéisan 8@l ution. The
conposition of the current-carrying el enents depends on the conposition of

| ectrod to,f the. electrol ytic. solution. A dingly, th
compos i o it e & B8 Gkt e R e TEREBPE “such ae cost
el ectrical resistance, and therrmal properties. Depending on the

appl i cat i onip77f orlnexsé?38, iohb éroel detaatiehydarsohaiogpdiahd teithearbstratepper, tin,
or alum num The el ectrode can be imersed in a solution including, for

exanpl e, sul{ iﬁtag%ag'o?gﬂé‘ bs&éﬁe%ﬁﬁ%%@%&c%lgéﬁokgﬂe ﬂ&?-gor%{éﬁ% rPlating.

0761 In a step vol tage that exc characteristic voltage of

t he voltage switchable dielectric material is applied to the substrate 10
while the 20. Inanembodiment,ions are precluded from bonding to regions where the

photoresist has been exposed and developed. Therefore, the pattern of
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
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substrate 10 is imrersed in the electrolytic solution. The substrate 10
swtches to a conductive state, such as is illustrated by FIG 2. The
appl i ed wsbtagersamRes t he substrate 10 conductive, causPAE/USe@EO0MO84563S in
the electrolytic solution to bind to the voltage swi tchable dielectric
material. [077] In a step 230, ions fromthe electrolytic solution bond to
the substrate 10 in areas of the substrate 10 that are exposed by the

non- conduct j : £ha4) i : from bondi ng
to regions %%g?égﬁﬁéﬂéﬁ%%%%ggﬁgt hagkg§§%f3£ggéégﬁgﬁﬁfﬁgégﬁgged. Ther ef or e,
the pattern of conductive material fornmed on the substrate 10 matches the
positive na@%“ﬁ§éﬁmﬁﬁ?%@%@?H“FH@eﬁon-conductive | ayer 20. Exposed regions
of the substrate 10 attract and bond to the ions, in sone enbodi nents,
because the substrate is maintained at a voltage relative to the el ectrode
so that the substrate, the electrode, and the electrolytic solution
together copprise an el ectrolyli e]l, as is well known in the art. [0781
Anmong advant ages<Fretried-By2dr etyedfifént of the invention,
current-carrying elenments 35 are patterned onto the substrate 10 in a
process requidi rigerfabwadevisdsepalutib ambgpraitasrtharémplop eksges] cdroporexénpl e, in an
enbodi nent, current-carrying elenents 35 are deposited to formcircuitry on
t he substr 1 t-ghi c Lt position of
a buffer o%lﬁ%@?ﬁfﬁ%@%‘?&fﬁ% e ic‘tﬁ%&éttegé‘gfﬁﬁl%&gg‘éﬁsi tg%t,%é%%odi ments of
the invention allow for the current-carrying elenments 35 to be forned
directly onreffieedsemba singlesubstrpigdpaagbesvhen twosidag arqyed. Aiushal | ows a
vertical thickness of

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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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 Cerwai2niidsyicges i ncl ude substrates that enpl oy el @TAiSe@/os4sponent 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

conponent S él@ctﬂﬁﬁjsﬁ’%gl pB&@gsT *chil & Qn%éﬁ{l r?c:[ ?r?el%fl%l&'g@?rdcc%s €8 o€ PCBs,

printed wiring boar sem conduct or wafers, ex circurts, backpl anes, and
integrated circuit devices. In such devices, vias or s|leeves are typically
used to i nteFRGHEEfoRftepITaerathaliagederasited endhpesspegtive firsieoryi as or

sl eeves establish an electrical connection between the current-carrying

el ement s onsceakdsufARRT tisd ABs@htetiieensasitdgatsaritchAOHidk &ic Madirap! ays an
enbodi nent in which a device includes a dual -sided substrate 310 havi ng one

or nore plated vias 350. The_ vias 350 extend froma fir pl anar surface
S12of “the sibetpiTutig suld cubtepranac bart e Berdsurtece Sedbleat e The
first surface 312 includes a current-carrying formati on 330 having a
plurality ofo acpatteembt € pra-giisttngeherentdsic885laydhen gdecespbcsiue fister 313 i ncl udes
a current-carrying formation 340 having a plurality of current-carrying

el ements 3451 nent-earrying formati ons 330, 340 are fabricated on
t he respect%@%(ggﬁgsegigfﬂ§13 of the substrate 310 by an

[081] In an embodiment, a via 350 is formed in the substrate 310 before the
substrate is subjected to the electrolytic process. Each side 312, 313 of the
substrate 310 includes a patterned non-conductive layer (not shown). In an
embodiment, the patterned non-conductive layers are photoresist layers that
are patterned to expose select regions on the first and second side 312, 313 of
the substrate 310. The via 350 is positioned so that a plated surface of the via
350 subsequently contacts one or more of the current-carrying elements 335,
345 on the first and second side 312, 313. During the electrolytic process, the
via 350 is plated while current-carrying formations 330 and 340 are fabricated.
In this way the via 350 is provided with a conductive sleeve or side-wall 355
to extend an electrical connection from one of the current-carrying elements
335 on the first surface 312 with one of the current-carrying elements 345 on
the second side 313 of the substrate 310.

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

310 is formed from a voltage switchable dielectric material and provided with
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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 secondweuprfiase’edf the substrate when a voltage sw t clrabluS2eli0054563 ri 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 jQ: Lk iScsypj ected to the
eIectrolytH%gg?ggégghﬁ%giﬁgg%ﬁgéégg?ﬁ%%gég%g§ﬂgygﬁﬁéﬁ%g?g§%%%pincludes a
patt erned non-conductive |ayer (not shown). In _an enbodi nent, the patterned
non- conduct RAAICPEGEr IS astep hbe drasradustigedaxer3iais danosited P¥iBY t o expose
sel ect regions on the first and second side 312, 313 of the substrate 310.

The via 350filsaiPsdcbh@BRIe 3392, 31BaF tie Ribatred 330 fracgepht3a, ke Mb@ 350
subsequently contacts one or nore of the current-carrying elenments 335, 345

on the first and.secon i.de 312, 313. i e.electrolytjc process, the
Ve 350 1 5 ARSI RIT D PalRed P e 5ot oAl 6rEe S5 B o ar e
fabricated. In this way the via 350 is provided with a conductive sl eeve or
si de-wal | 3B&fdrablgxtencoratucaleotatérpdbn adblengtdhe tirst biderl2méttef t he
current-carrying elenents 335 on the first surface 312 with one of the

cur rent - car £ 1. g Sh SIENL o 34R A0 R BERONG b8 AL ig SUbSt rat e 310.

[82] FIG 6 splays a Tl ow prgcess evel opi ng a dual -si ded substrate
310, according to an enbodi nent of the invention. In a step 410, the
substrate 3ndtersed eyingd popisive anasll Thgeositive emabhBows sdlecregienseft eri al  and
provi ded with dinmensions, shape, properties, and characteristics necessary

for a desirgdsapitdi€ 810 @be dxpodedShedugheBe ndantBAdGandUSTdreeo! ayer 320 is
deposited over the first and second side 312, 313 of the substrate 310. In

a step 430, th nconductjve |layer_320 is patterned on.the first side 312
of the subs??%ggf N0 = HBT {7Yeh JEBﬁﬁﬂ%?%98¢H%F§PP%F£@§139?Ieast t he
first side 312 of the substrate 310 is a photo-imageable material, such as

a phot or esi @t stibsttate 31(pdhtaarendsbdirsieniy thee oscdndeetivaklyer Ieorpidsi t1 ve mask
all ows select regions of the substrate 310 to be exposed through the

non- conduct i ye, | ayes) 320 Lbg. 31 8 A40n A I0PRRANIUGLINS L aver 320 s

patterned o he second si he su n an enbodi nent,
the non-conductive |ayer 320 on the second side 313 of the substrate 310 is
simlarly ajubsequepHytrorsksil gnd expeseildo sarbsanpiben pajtenmsKegireanldingx posed t o
form another pattern. The resulting pattern exposes the substrate 310
through the,Rhek exssks the @¥tkate 310 through the photoresist layer.

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

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

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

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

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

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

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

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

substrate is in a conductive state. The conductive state of the substrate 310
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[083] In a step 450, one or nore vias 350 are fornmed through the substrate
310. On each side 312, 313 of the substrate 310, the vias 350 intersect an
uncover edwpantaedf the substrate 310. The vias 350 ar @CaaiSemeds45y3
side-walls fornmed through the substrate 310. In a step 460, the substrate
310 is subjected to one or nore electrolytic processes to plate the first
side 312, second side 313, and the side-walls of the vias 350. In an
ebodi Ment , ¢ B SbEPiniAl oldf ol MR SbRALR FBBnd & BURLEGHAM 1A i ngl e

el ectrol ytic process ile an external voltage is applied to the voltage
switchable dielectric material so that the substrate is in a conductive
state. The EHRIGkEH 0088 aR Eheofirst ped saspBe patfeces PO2 Sads ERe plgesolyfic t he

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

the first am@dseeondveUuhfaeeshs tés 383 3o thhifereIbRet ek dige-Ialls df al so noves
t hrough the vias 350 so that ions bond to the side-walls of the vias 350,

form ng conductive sl eeves 355 that ext t hrqu t he vj.as .35 The vi as
350" nter SoUE Cetsr PRrPTELE T Y s SO e R LrORRl HEdEn s des 315,
313 to electrically connect the current-carrying formati on 330 on the first

side 312 wi The tihe3xlinteastct carenticag yirgy etemeois od4be Grst htheé ssendrsiflesi de 313.
[ 84] The non-conductive |ayer 320 is renbved as necessary fromthe

substrate | Rt st @R} Rk IRAT ROkl Db Gl RO FORMYoL T ve | aver

320 i ncl udes photoresi st, e photoresi st e strippe romthe surface
of the substrate 310 using a base solution, such as a KOH solution. In a
step 480, tHde PEsyithithgcwignteatytwrioymadort &hen thereasal ddri?lx 340 is
polished. In an enbodinment, CVMP is enployed to polish the current-carrying

formation 3g8y TBINonIRWALSlV/BYERIDMENCARINE neBAEary Grdrhehenbodi ment
described with reference to FI . 5and 6. In one vafiation, a first

non- conductiye | ayer can he deposited on.the first surface. 312, and a
second non- ﬁﬁﬁ@ﬂ?ﬁé&WéVB In. eﬁgoggﬁﬁgﬂ?gflﬁht RENLQLEHE " CUPYdce 313 in a

separate step. The first and second non-conductive | ayers can be forned
from di f f er®0tincratier pladtsesiat dheplotpredist ey diefstrépemat frémarbé sufisceatf her t han
enabling patterns to be forned for plating the substrate. For exanple, the

first - ' 2 | f f - ' ile th
cecond non- SonaCer e Rk Rlp SRRy PUTER { KON Brttioh, B dhpatfl o= 1

insulative material. Waile the dry resist is
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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stripped away after a current-carrying layer is formed on the first side
312, the photo-inmageable insulative material is permanent and retained on

t he secommio=oriEse®9313. [086] Additionally, different plPaTiUsgoIpioS63ses can
be used to plate the first surface 312, the second surface 313, and the
surface 355 of the vias 350. For exanple, the second surface 313 of the
substrate 310 can be plated in a separate step fromthe first surface 312
to allowt 11 ur . t 4 sing
different e 3&?%@%@29gﬁﬁﬁggﬂgFgg?%gﬁ§ﬁfg S%F%%%&%Qékfﬁﬁgﬁe ]gd?%énts of
the invention reduce steps necessar¥‘to formcurrent-carrying |ayers,

fornmi ng curbliedwageaplaigsylatize dasggil impprawoesirndyetaioed O%ﬁtfesac strate 310
is particularly advantageous. The use of different plating processes
facilitatessirheeBahrication of different materials for the current-carrying
formati ons on opposite sides of the substrate 310. Different types of
current-carrying .eri.al .can be provided as si,npl S switching the
clectrol v 1 shak g e oot PR e ER P BTt i gt KE RS exarpl e, a
first side of a device such as a PCB is intended to be exposed to the

envi r onmentsurbge 3t1héhogpposd terfaiedd 3 rapgiuihe esrfacefiSglof greadeas Fdndoct or. I n this
exanpl e, a nickel pattern can be plated on the first side of the substrate,
and a gold %ﬁé,’%hﬁ?ézo}?& sRiAleH 30 1}&%&&%‘8%@0 Shd6e ?fatéd‘i% Substrate. This
enabl es the to have a nore durable current-carrying material on the
exposed side of the PCB. [0881 Any nunber of vias can be drilled, etched,

or ot her wi sEPREHEEP ifipndbtheHE skitssice dteto alloasthediyst adercedrthartaces
current-carrying elenments, including electrical conponents or circuitry.

Al ternativedip, 3@ iR ptabd ReingBMereAt SEQHRTEs An8 W RALrORAL kY Iuigng! ement on
one side of the substrate to a groundi ng el enent accessible froma second
si de of the.substaﬁie. Sl%%é Annng advant ages i ncluded,wi th dual - si ded
subst rat es R BFBBEA BRAINVERIPHEGUG 8RPP BRCCSHTE EUFEBY LU 6m t he

el ectrode forman el ectrochem cal bond to the surfaces of the vias 350. The
vi as 350 arertyteg biyersefsming alryemtcatgithg ayérh 380 andréd0 on tHeslwoil-saed
discontinuity that would interrupt electrical connection between the two

sides of t hg SHBRLABEHH0u1afy SREVLGEDUB MDY ik BLESSUDSt r at es

processes facilitates the fabrication of different materials for the current-
carrying formations on opposite sides of the substrate 310. Different types of
current-carrying material can be provided as simply as switching the
electrolytic baths to include different precursors.

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

material on the exposed side of the PCB.

-31 -



[ 90] Sone devices may include two or nore substrates into one devi ce.

St acki ng substrates enables the device to incorporate a high density of
current - cNORYiMgGI®wPenent s, such as circuitry and el ect riPCaIUSCOOOHSENt S,
within alimted footprint. FIG 7 illustrates a nulti-substrate device
700. In the enbodi nent shown, the device 700 includes first, second and
third substrates 710, 810, 910. Each substrate 710-910 is forned from a

vol tage swijughabl g, dhabaCliniss AR drley. ASnd, bR oBeENiQUS PR MeNt s, the
substrates 710-910 are non-conductive absent ‘an applied voltage that
exceeds the characteristic voltage of the voltage switchable dielectric
material . \ViARISEbITaty. Viap oy Eitergpeacch AUErHoar e elemenisr deludingst r at es, ot her
enbodi ments nmay include nore or fewer substrates. It will be appreciated
that substraé@scdeympbientder aldgrpd Alfernaivelyph @i caaaiisgatapisume ot her than
bei ng stacked, such as adjacent or orthanorrmal to one another. [91] Each

bstrate 710, 810, 910 i i ded.with at t t- '
For mat 1 on 7501785027536 9 ERBCH VB 5 bR oUbF PR CERRIHNE f or mat ) on 730,

830, 930 is fornmed froma plurality of current-carrying elenents 735, 835,
935 r espectélgmbyt actémsibiaufromnt secand yidagf Heembrirste 735, 835, 935 are each
formed when their respective substrates 710, 810, 910 are subjected to an
el ectrochenm,gal i . : i ly, the

cubst 1 at s b, BEFE AR b RAMELL e B Ara SRR Y pect i ve
current-carrying layers 735, 835, 935 are forned. 92] The device 700

i ncl udes a gmbedimenhplidre i eenyiog, pigcelsestiFeradng sle tM@gdr r ent - carryi ng

el enents 735 on the first substrate 710 to current-carrying elenments 935 on

the third syBstdcBt@iALlPeondREhdeVifs@s 60thedligP3sonalhedes Bogageond pl ated via
850 to electrically connect current-carrying elenents 835 on the second

substrate 810 with current-carrying. el enent 35 on the third substrate
910. In thii*ewineae Sﬁﬂge@ﬂ?@ﬁm&ﬁm@m@ 9% ke ?1638817%1&}}1%%? wesl of the
device 700 are electrically interconnected. The arrangenment of plated vias

750, 850 shioverrdpt eldvericdévircecii@Obétsveonlitye exesipesasfithe asbstmie310r | ess vi as
can al so be enpl oyed.

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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[ 93] For exanple, additional vias can be used to connect one of the
current-carrying elenents 735, 835, 935 to any other of the
current - NORYiMGIBPenent s on anot her substrate. PreferalpCyusedis/obissst and
second plated vias 750, 850 are fornmed in the substrates 710, 810, 910
before the substrates 710, 810, 910 are individually plated. Thus, prior to
pl ating, the plated vias 750, 850 are fornmed through the substrates 710,

810, 910 i nypRAPtSIALNSHRASHL] B3 bSMeAR L SARRESEhRG BHI rent - car ryi ng

el ements 735, 835, 9 ren ubstrates as necessary. For the
first plated via 750, openings are formed in the substrates 710, 810, 910
at the pred@%@?ﬁ¥%@b“h§§ﬁmpaﬁ§-before any of the substrates are pl ated.

Li kewi se, for the second plated via 850, openings are forned in the

substrates @0, FRsabstRteHr) 8TOTOICH POSidbd dith M1kt oh®clihese substrates
being plated. The predeterm ned positions for the first and second pl ated

ia 750 and_850 : d regj f f th
{eapect i vo. AP BTBRUDR oo P v R oy A0y RRCBFTAN B 1| form Duri ng

subsequent el ectrolytic processes, precursors deposit in these uncovered
regi ons of fohmagabgld 88&930 asfometd fras avpiuralitytdieuopetndangsng or med i n each
substrate to accommodate the vias 750, 850. [094] For sinplicity, details

of Jevi o¢ T80hilbaadanarihed it hiSSrARER Ao endid pis, gabStrat e 710

The first substrate Inc ps et ween e current-<¢arrying
elements 735. In an enbodi nent, gaps 714 are forned ﬁg maski ng a
phot or esi st 935ayerachfarmnedwhes il rRgPeEivEisHPTHpH OB KEPK argf t er t he

current-carrying elements 735 are fabricated on the substrate 710. Sim |l ar

processes afipidéaRitolad QiR BARRACD RO&s WHiledn 2UBRHL&RStA40, 910. The first
substrate 710 is nmounted over the current-carrying formati on 830 of the

51015 modNEGS O cGRtBye PrE0 TR BRI PRGN chotRE] ITIR0 of the
third substrate 910.
respective current-carrying layers 735, 835, 935 are formed.
[092] The device 700 includes a first plated via 750 to electrically connect
current-carrying elements 735 on the first substrate 710 to current-carrying
elements 935 on the third substrate 910. The device 700 also includes a second
plated via 850 to electrically connect current-carrying elements 835 on the
second substrate 810 with current-carrying elements 935 on the third substrate
910. In this way, the current-carrying formations730, 830, 930 of the device 700
are electrically interconnected. The arrangement of plated vias 750, 850
shown in the device 700 is only exemplary, as more or less vias can also be
employed.
[093] For example, additional vias can be used to connect one of the current-

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

on another substrate. Preferably, the first and second plated vias 750, 850 are
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[95] In a variation to enbodi nents descri bed above, one or nore substrates
in the device 700 may be dual -si ded. For exanple, the third substrate 910
may be dwaiD-20i1ds68769si nce the | ocation of the third subsPCAUS2@LO54563 t he
bottom of the device 700 readily enables the third substrate to incorporate
a doubl e-si ded construction. Therefore, the device 700 may include nore
current-carrying formations than substrates to maxim ze the density of
component 1 Vio@dl & ol fbBies § 1 s Ol FhliokORk LD A7 ibNG (61 e [ 961 The
conposition of the substrates 710, 810, 910, as well as the particul ar
current-carrying material used for each substrate, na% vary from substrate
t o subst r at®@divitedlly platede Thnp Reiorttp @lating Bytrleige rjasHgUr P rEe fsmedt t he
first substrate 710 maybe formed from nickel, while the current-carrying
formati on 8@@owih theeubLERet 19UPISE DAY iR Fdfetbinined oSitibhoe glod. [97] FIG 8
illustrates a flow process for devel oping a device having nulti-I|ayered
substrates, suc s the device 700, or. nore. of the substrates are
Formed 1 oMRNGH P GU e PENIH BORFRPdEp e MRCLETG e e ST can be
formed froma conbi nati on of single and/or doubl e-sided substrates. In an
enbodi nent , astrieeessuityt iFos thirstirsapbtadievia @80, tpenigaprd foemed @plreat el y f or ned
substrates having current-carrying formations. Wth reference to device
700, in a s fol L: 0 vol t age

swi t chabl e |eF%%g?y%%%%€%§?g?é¥$§&%a§$3%}ggéﬁoégﬁéﬁg?ﬁﬁgﬁﬁg%nductive | ayer
is deposited over the first substrate 710. As with greviously descri bed
enbodi ment ssubstiates presplaigdn Lilerver fonibe sespad plaigd yia S30pppesiagiie, a

phot oi mageabl e material such as aphotoresist layer. In a step 630, the

first noncopamed iy ehel AYSEatkss RAYIRINAHIdiBrrhREMpSEkiBas ?ﬂof fahegs in which
the substrate 710 is exposed. In an enbodi nent, a photoresist layer is

masked and then exposed to faormthe pattern, . so that the substrate is
exposed accPaih Sgﬁnsrpéats% the Hr%ﬁt%wwﬁgwtﬂ% F .flrf*o@@fewi step 640,
the first via 750 is forned in the substrate 710. The first via 750 is

preferably plotededa B30 @&icCsiongr@spal dta undoheredubgivnaide siritékes Aflthet i onal vi as
can be forned as needed in the substrate 710. The via 750 is etched in a

[ocat on OnAAE SUSBLIRLS 1k o RERSELAL AR R te gl =

current-carrying elenments of other substrates in the device 700. In a step
650, the fisubsequebselearelytid pracesseahyjreatraets depasit ialtheserwicpveéredpr ocess. The
el ectrolytic process enploys an el ectrode and a solution according to

design r quﬂegﬁﬁ@ Bk thef Ribstrites fak il Substihak&o é@ngs@%%@@%’ﬂée&h@f “the
el ectrol ytic process, including the el ectrode and the conposition of the

electrolytic _solution, are selected_to géovide the desired precursors, i.e.
material s fOPRRAY P AReceyRadeivevipaydh 8980, In a step 660, the remaining
non- conductive layer on the first substrate 710 is renoved. The

current - carpy ngFoe ki, dSailoor ddvicef700 stillduligtdrided Witld rafagntden be
polished in a step 670, preferably using CWP.
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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[099] Once the first substrate 710 is formed, additional substrates 810,
910 can be forned in step 680 to conplete the multi-substrate device 700.
Subsequerwo=otgspmdes 810, 910 are formed using a conbi RETIUSR010/0545hE St eps
610-670. One or nore additional vias, such as the second via 850, nay be
formed in another substrate as described according to steps 640 and 650.
The device 700 may include additional substrates fornmed as described in
steps 610- : j I -S4 : .apove. [ono]
Variationsqggymgggﬁ§g§§§§£§ggﬂa% h%qSHQEﬁgﬁ?ﬁ?@gﬁ?@%&ﬂ%%%ﬁg@pneeded_ For
exanpl e, substrates used in the device can have voltage sw tchable

di el ectric FHoeEriee with different conpositions. Accordingly, the externa
voltage applied to each substrate to overcone the characteristic voltage

can vary bepspennaulsiatish eSembBdigidnd esdSBEH distvel b MORokONBLE teye | ayers
can al so be varied fromsubstrate to substrate. Additionally, the

non- conductive l.ayers. can be t.er with, for ex e, different

tmoki ng. i riagrnde ey B BR L i tee B FRCR S ony The
materials used to devel op current-carrying el enents on the surfaces of the
subst r at es manbalsel-fided;airice dhd loomisudishe #iied subssatrs?0at ehe hagtonh NSt ance,
the el ectrodes used to plate each substrate can be altered or changed for
the different ' i -G i rameters for
the substr o o UF RS A ad REREIIHe Blrd NboBALS S GHi RO RS HBuRET 270
process to include the construction of at |east one doubl e-sided substrate,
such as at #fekensbrcior Ehaelorothadoges A0gnay nelidetneig witsstr ate 910, for
exanpl e, can be forned to include current-carrying el enents 935 on both

pl anar si de@raﬂhﬁ%fdﬁhﬁti‘é% imhis@BstrAeN@MSARALCI \RNbIRY 8 conSpdiRRASI ted on the
first side and the second side of the third substrate 910. The
non-conductive |ayer on the second side c be made of the sanme material as
t he non-co ?ﬁ@‘IF%V@#e8ﬁePﬁéo?ﬁ¥§¥Ogﬂﬁggngthough in some applications

t he second side of the substrate may require a different type of

phot o- i magead e Thetenipakition of thesubatrates GHQ BE0,iN 6, sUrdlbasethe Pheticadarconduct i ve
| ayers on each side of the third substrate 910 are then individually
patterned. hi rd. : ' iLf second
Ctes when SHEoals e Rhah e i VIERLGE T C o o bSO, Docca

regi ons on each side of the substrate may be plated together or in separate
pl ati ng ste%éﬁUF®16?P$Eﬁb@@mﬁﬁﬂﬁbeGwﬁﬁm%%ﬂSﬁ@%ﬁﬂabﬁvéogﬁwfbétused in PCB
devices. PCBs have a variety of sizes and applications, such as for

exanpl e, f ofupdgsted30 REdyBE @StV irH9 o1, AohildMEREFRRAE Ay in @R nRiHoRL ed

circuit cards. In general, a high density of current-cdarrying el enents,
such as electrical conponents, Ieggf, %nd circuitry, are enbedded or

ot herwi se | FOIGdETseRPRhS te §19 ixfarmeddimeselt e devi ces, the size and
function of the PCBs can be varied. A device including a PCB under an
enbodi nent [ed7) t FEGI ®ilRBtrbRe aliRsy pr@uRgbr adeldmngadelico b aingahtidige
switchable dielectric material. A photoresist such as a dry filmresist can
be applied qver ,the . substrate.. An_exagp| e of comercially available dry
Fr1m est st e gt is M Rans s R Pt P BOTB v s shi - Rayon co.

The thickness of the dry filmresist deposited on the
substrates are formed from a voltage switchable dielectric material. The

device can be formed from a combination of single and/or double-sided
substrates. In an embodiment, the multi-substrate device 700 comprises
separately formed substrates having current-carrying formations. With
reference to device 700, in a step 610, the first substrate 710 is formed from a

voltage switchable dielectric material. In a step 620, a first non-conductive
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substrate is sufficient to allow the substrate to becone exposed at

sel ected portions corresponding to where the resist was exposed by the
mask. [ O0MO0Avseteect ropl ati ng process such as descri be@®CRUSROWAOS4S6Et t O
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

materi al al'a% apg?ﬁ&@t@d O%Q@f?l%qlrstaﬁ@s’éét%wo._aﬁs gﬁﬁﬁ?@v{oﬂ@lyt&@c d ous printed

circuit bo cations. Exanples of print cult boar i ncl ude, for
exanple, (i) notherboards for nounting and interconnecting conputer
conponent s; el{lwqm}@ﬂrsﬂth@oﬁrw RYMEPTSIEYS layghepr ke, fr am@dhaiPhebtput er ( PO)

cards and similar devices. [0104] Further variations of the basic process

are descri bgthgogblewatdrial Bubis &s fprescbrgisFapee I a[s&H53D, dve fRsthaah- ment of the
i nvention enploys a pul se platlng process. In this process, an el ectrode

mer sed | L CBGEBY O 5 PTECSNGR AR, SRVl Cageert i tea Bei Seen t e

el ectrode and the substrate so that the vol tage switchable dielectric
mat eri al bedonesxmsadiubt arvembddiencappl pledoresist lager iahsskedaséthenons i n t he
electrolytic solution to deposit onto exposed areas of the substrat e,

thereby pl aé%p%%@tg%%%ﬁé‘g%é%ﬁ O\%}Z_@l e TBbLD els'e& nPl PN process,

the voltage rs nodulate waverorm e c as t exenplary

pattern of the positive mask.

[098] In a step 640, the first via 750 is formed in the substrate 710. The first
via 750 is preferably formed by etching a hole in the substrate 710. Additional
vias can be formed as needed in the substrate 710. The via 750 is etched in a
location on the substrate that is predetermined to be where select current-
carrying elements 735 will be located to connect to current-carrying elements
of other substrates in the device 700. In a step 650, the first substrate 710 is
subjected to an electrolytic process. The electrolytic process employs an
electrode and a solution according to design requirements for the first
substrate 710. Components of the electrolytic process, including the electrode
and the composition of the electrolytic solution, are selected to provide the
desired precursors, i.e. materials forming the conductive layer 730. In a step
660, the remaining non-conductive layer on the first substrate 710 is removed.
The current-carrying elements 735 on the first substrate 710 may then be

polished in a step 670, preferably using CMP.
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wavef orm 900 shown in FIG 9. The waveform 900 resenbl es a square-wave, but
further includes a | eading edge spi ke 910. The | eadi ng edge spi ke 910 is

pr ef er ablwoaouarsy7eshort durati on voltage spi ke suffici eRCTIUS200084563r2 a
trigger voltage, Vt, of the voltage switchable dielectric nmaterial, where
the trigger voltage is a threshold voltage that nust be exceeded in order
for the voltage switchable dielectric naterial to enter the conductive

State. w0 SHBE SHRAHIRRL Sukhife #1005 AOLI BN SUBELALL KR) 11 a8, such

as between 1 400 vol ts. 1 Once the trigger voltage has been
exceeded and the voltage switchable dielectric material is in the

conduct i ve @hdedormedinger abtosipmpietsbhemyiterdettifedemeefi0al will remain in
the conductive state for as long as the voltage applied to the voltage

swi t chabl e gligkfednt kebdiRl&rd18) 9l0RRBFdHheanRUE; AcdOMBAtich anbleRgpyol t age, V.
In the waveform 900 of FIG 9, it will be appreciated that the | eadi ng edge

spi ke 910 is fallowed by a plateapy 920 at a.volta e.ag e the clanping
Vol tage. THEOH A I Custe? BiBlrhiatiny Mok Sxe i BRY oty o “whi oh the
voltage returns to a baseline 930, such as 0 volts, then the cycle repeats.

2. Rever se feuinsé ithatthagsuPsioatess de@théf adrmot veytoesdpodiddrend 663. ThHwe i nventi on
enpl oys a reverse pul se plating process. This process is essentially the

Same as thedég%s@gﬁl@;ib)@&tdﬁraaﬁﬁfo}raﬁﬁﬁo%{ﬂ E%?‘i’oﬁlj? & aL¥GERE inlfgds 1 n place of

t he pl ateau e po Ity o he voltage is reversed so that

plating occurs at the electrode instead of the
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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substrate. An exenplary waveform 1000 is shown in FIG 10 in which the
positive and negative portions have essentially the sanme magnitude but
opposi t e Wwolar/asy769The shape of the negative portion ne@dTAsRowms4sh3 t hat of
the positive portion in either magnitude or duration, and in sone

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

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

it produces;,§ gtcnﬁjénpézﬁ%)}iﬂ ewﬁr%ﬂltst@5 Wisith bllgay OHETR thi Ja‘?i‘ég{yﬁed those

areas on the plating sur ere plating %ccurre nost rapi y before the
reversal becone t hose areas where dlssolutlon occurs nost readi

Accor di ngl ya NPV e 19y8E isj depopikepprathedyst ddeandtherser! dde 06%r time. 3.
Depositing and Patterning Non-Conductive Layers [0108] Anot her enbodi nent

of the invemiidouben@boys. BhShdKcSlRENE NFelBh BRtketondsdeapb@npaktt er ned
non- conductive | ayer on a substrate formed froma vol tage smntchable

dielectric erlal odi nent, avoi the  u of. na s such as
Chet or oot ot oS bl eS Bt rreart b Beer o 1 Ty aal Babeh e
materi al s on the substrate. In a silk screening process, a robotic

di spenser agphd geplaadomed e sedondmritesstithé sulsttahemsurépaie odiffetemt subst r at e
according to a preprogranned pattern. The sil kscreen liquid applicant is

typical |y ybebmh ARk AREfe Ha k2P o R0 5 HARNAR L Ot AST Lo ot her

enbodi nent ot or’esi st naterla of ‘the nonh-conduct | ayer,

si | k-screened Kapton, or another plastic or resin, is pernanently appl i ed
to the surf@edustive lagers gpsreapide ohthedhird substrate 980 vsrhenyinshividralladvant ages
of conbi ning steps for depositing and patterni ng non-conductive nmaterial on

the substrapferdsi. Weld thddl @b 8810 RArTbeRSd balthé AFRYAAGeddRR-stRRdUCt i ve
material fromthe surface of the substrate. 4. Miultiple Types of Conductive

Materials on a Single Surface
when ’316 r%spectslve 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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[0109] In addition, current-carrying elenents nmay be fabricated onto a
surface of a substrate fromtwo or nore types of current-carrying

mat er i al SWORhH/@Sos8t r at e i ncl udi ng t he vol tage sw t chablPETAiS01005456%
material is adaptable to be plated by several kinds of current-carrying
materials. For exanple, two or nore electrolytic processes can be applied
to a surface of the substrate to develop different types of

curr ent - car L geRALI et ito ABvOME SEBROAL FPBloonft pbsld Rlsefebiel VUi C process
is enployed to deposit a first conductive matertal Tin a first pattern
formed on the surface of the substrate. Subsequently, a second

non- conduct PRFEONGgAEFespengiagtte whege Big resiel wampaoaedkby i@ maikng the first
conductive material. A second electrolytic process nay then be enployed to
deposit a s@ENALeREHSHhNE; PRIcBIs sakh HS HagribbE wseCRBskpal F1ET.B.s | N this way,
a substrate may include nmultiple types of conductive material. For exanple,
copper can be de ited. to formleads on the substrate and anot her

contuct i ve Waeddp P cgiilus Mgl R d it LaRe PR e Con the same
surface where superior conduction is necessary. E. Oher Applications for
Enbodi ment sSufstrates fémwenfromm vdliage pwithaddée detdcsriomatenial camigndsedn i ncl ude
various devices wth a substrate of a voltage switchable dielectric

materi al upgp i G A IEIEERITEANENG, AT OB RRInAEAR dRRgs! ted. The

current-carrying tron can conprise circults, ectri cal
conponents, and magnetic material. Exenplary applications for enbodi nents
of the invelRried hppediandsidsdds deedqdsiosdhereirins privgechppiuiickaardns descri bed

or listed herein are nerely illustrative of the diversity and flexibility
of this invgilicfonsaMkaiipstl it it i BiRkd PR kRSO BRMnpie, @ exhaustive

list. 1. Pin Connectors
motherboards for mounting and interconnecting computer components; (ii)

printed wiring boards; and (iii) personal computer (PC) cards and similar

devices.

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

1. Pulse Plating Process

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

voltage is modulated and follows a waveform such as the exemplary
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[Oiiii In an enbodi nent, a pin connector is provided. For exanple, the

vol tage switchable dielectric material is used to forman interior

st ruct ur ewof20a/d5¢m68l e pi n connector. The vol t age sw t ch&blrasdéielosssss i c
material can be used to formcontact |eads within the interior structure of
the femal e pin connector. The voltage switchable dielectric material may be
shaped into the interior structure using, for exanple, a nold that receives
the vol tage, sWbaRah Sl lierit ve HBUELL Ml ShodelchBitdh {RLM-wIDE T esulLing
interior structure includes a mating surface that opposeS a correspondi ng
mal e pin connector when the two connectors are nmated. Pin _receptacles are
accessi bl e RufBIIGEr Reludss 7 ieadig eekpeishikeAIPf Abe leatiig asgiesriker?dOps n
receptacl es correspond to where pins fromthe nale connector will be

received. §@lek2hly horepy hvdrel@uf@idduelthYes ROt @Eitieft &BREGMY § Ridret he
connector, and as shown in FIG 11, the interior structure nmay be separated

into segnents 11 to, exppse the | .hs of the.pin rec acles 1110 that
extend fo tHERG Lo HE B AT g R A EErs TASCrifl RBRECBR AT ve | ayer
1200, shown in FIG 12, such as a photoresist |ayer may be deposited on one
of the segneditage islDhresHodd nobgeribatohiistdel exyarded 20 Ordemyort thevobieggpat t er ned so
that a bottom surface 1210 of each pin receptacle 1110 is exposed through

t he non-co ' - - - (o) f the interior
struct ur o ney it RER G2¥EEsHER ) EneE iRRRARE IR hhe! l Scess. Duri ng
the plating process, a voltage is applied to the interior structure so that
t he vol t ageeshwdiaaby) thedrigpectdliage ratekativaly lnggecatrdnnstbetecend00grduct i ve
material is then plated on the bottom surface 1210 of each pin receptacle
1110 in thegonto@kl or structure. Once the contact |eads are fornmed in the
pin receptacles 1110, the non-conductive |ayer 1200 can be renpoved and the

segnments 1100 rejoined, . The interior structur al so be housed within a
shol | to coRfiFbdencerbe risasr soliss BoRRERPEEIT b Biesalararatv IR ages exi st

to form ng a pin connector under an enbodi nent of the invention. Plating
t he i nt eri odiektiricahatedaldp dibthesoadladivgestatethe volbdgepwitdhableplicletteis t o be
included in the interior structure in one plating process. Further, because

the | ead coptache, SRMLBATRAR LRLINRIec LT ISR ACHER Jfal: By or Ted ol oser

t oget her to reduce dinensions o pi'n connec nnect or can
al so provide over-voltage protection properties that are inherent to
vol t age swi todhabplagti sexritacbtaglie@iﬁmtér: iterial 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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2. Surface Mount Packages [01141 Surface nount packages nmount el ectronic
conponents to a surface of a printed circuit board. Surface nount packages
house, fowOoeramMSHBY resi stors, capacitors, diodes, tran®CIUSREL/0845d3
integrated circuit devices (processors, DRAMetc.). The packages incl ude

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

packages i S i ‘Q@&%E . q Rl astic | eaded
chip carrigﬁggggﬁdagLfgﬂﬂ%é Bg? soc g?§}s 0115%{Rg%g?g§$%%%Hagsurface mount
packages involves formng a frane for the | eads of the package. The frane
is nol ded URYSH A WeRERTEE POTitons A3Vvepsytidlystha sanp sragaftde buf eads are

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

vol tage swiéhirle potiriey. eThY dpERE Bid rtlga8ANpHRioUIREd hot AkdR thheoff rame. A
non-conductive layer i's formed on the frame to define the |ocations of the
| eads. The non-conductive |ayer can. be fo negrdurin t he nol di ng process,
during a SUBSEGRLNE PRETHN g BFLEASEINT: Ot atigh S hBSRMSg process using
phot o-i nageabl e material such as descri bed above. A voltage is applied to
the frane dembadjntehes the eegatopl mtriiog opthecessfdron t@Admes ngt inkleidemame
conductive. The leads formon the frame in | ocations defined by a pattern

of the non- ' ad O ' S Wi l e
: on- GORAYEHLY GoleM&hikd Wt-8dy b1 éé;?&l%é’?‘ il éﬁw{gfﬁ .
dielectric nateglak, ?é%%é%%an}%é mﬁ@?%%unners sngﬁfeg? allowing for a
smal | er package t hat occupies a smaller ,
produces smoother plating results. When the voltage is reversed, those areas
on the plating surface where plating occurred most rapidly before the reversal

become those areas where dissolution occurs most readily. Accordingly,

irregularities in the plating tend to smooth out over time.

3. Depositing and Patterning Non-Conductive Layers

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

screened Kapton, or another plastic or resin, is permanently applied to the

_41 -



footprint on the PCB. The voltage switchable dielectric material also

i nherently provides over-voltage protection to protect contents of the
package fwornuaglstmge spi kes. [0117] FIG 13 ill ustrat esPCEAIS2010/084F6Ddi nent s
associated with internediate |l ayers. In sonme applications, it may be

advant ageous to incorporate one or nore |ayers between a VSDM and a
current-carrying material in a current-carrying formati on. These | ayers may

have appr _ecéuq‘glcg of (eGkB&Sse &s Q?Chﬁg{gf—@&r@énihg %gefs%aﬁ{aﬁg%f a few microns,
(0] , Or nm e as thi

tens of mcrons, or even tens as nonol ayers
(e.g., having a thickness of the order of an atom a few atons, or a
nol ecul e) . FHRPIPINEG sEAsPBEdepasitingmngl RgseEning e @Rdusivampigyiat e ar e t er ned
internediate layers. [0118] FIG 13 includes a diagranmmtic representation

of exenpl arghe BLBKLES a8 et LRSin(ih fHirtg Sbpiebr floGiAf s ROAL AR eST rUCt Ur es
(right side) associated with the use of internediate |ayers according to

sonme enbodine&gs Ini%tepf130 th Y§§p11302 is provided. In sone cases, the
VSDM may bepie5w g ES%??%V%F o' €04t ng on a substrate 1304. A VSDM nay
have a characteristic voltage, above which the VSDM beconmes conductive. In

some enbodi nents, the characteristic voltage of a VSDMis above a typical
"use" voltage associated with an electronic device (e.g., above 3 Volts, 5

Volts, 12 Vph%égﬁﬁ%ggéﬁxgkiﬁkhmhgegﬁ'VkﬁgBQQ%H§%%§?ﬂ&£e characteristic

vol t age of a ove a typic oltage u or electroplating a

material (e.g., above 0.5 volts, 1.5 volts, or 2.5 volts). In sone
[0109] In addition, current-carrying elements may be fabricated onto a surface

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

surface where superior conduction is necessary.
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cases, electroplating may require a voltage that is both above a typica

pl ati ng vol tage and above the characteristic voltage. [0119] In step 1310,
VSDM 1302woeyiisomasked usi ng nmask 1312, al t hough maski RGTASP01005456%
required for certain applications. Typically, mask 1312 defi nes an exposed
portion 1314 of t he VSDM upon which a current-carrying formation wll be
formed, and a "masked" region (e.g., beneath the mask) upon which a
current-cargy, R i Yale! exanpl e shown in FIG
13, mask 13% 0 T|nesﬁgﬁhgfgggg%ogort?%%pqgfﬁa%ﬁn%ble1302 upon which a
current-carryin fornatlon may be fabricated. [0120] In step 1320, an

i nt er nedi at 8i1play@pbadimenisgy ﬂEﬂRemd’é]b%%I’r reldsryagious dgeicesyaith aghbstEe exposed
portion 1314. Intermediate |layer 1322 may be sufficiently thick that

certain deséffaakii@gpkRRehibl€ dickictridmMbici@stipdrewhich Adhesrereayingd f f usi on
bl ocki ng, |nprove el ectrical properties and the like). In sonme cases, an

i nt er nedi at be, use attach a to VSDM 1302. In sone
cases. an | TEBAGLNR Weralrip=ay B8 LarnHer ENDFy eGP RCBhduCt | ve

t hat subsequent deposition of a current-carrying material on internediate

| ayer 1322 amyithdeqbsy Eloctnieal. compomenegdirat mapagterma@pial. mxenfpanyn an i nsul ati ng
barrier, and in sone cases, may provide for conductivity via tunneling

A o O ey ea e e RbbE R Ss s b2 Byehfof bEPadEBd 8 fHEd BAbCATT Vi NG
material 13 ma dep05|te e internedi ate ?ayer n sone

enbodi nent s, nask 1312 may be renoved after formation of the
cur r ent - car ¥4 arplicatiprstdespribachor séecblyermpl ase qreselyjibesdrative pf the

diversity and flexibility of this invention, and should therefore not be

construed as an exhaustive list.

1. Pin Connectors

[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.
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13, step 1340 illustrates the renoval of mask 1312, yielding a
current-carrying formation 1342 conprising a current-carrying material and
an interneodi2atidshmyer. [0122] An internedi ate | ayer mayPCRAISe@6/0845d3 f f usi on
barrier to reduce or prevent diffusion between a current-carrying materi al
and a VSDM material. Exenplary diffusion barriers include
metals, nitrides, carbides, silicides, and in sonme cases conbi nations

h f. EX | i i i i T , W\, SiC,
t hereo ﬁ@sﬁrﬁy\f&bwe%heﬂ%%{ogﬁﬁ? el\%\%'%lhféq@ltﬂ_lh%e 1@ hhecth?, anfw s '

(e.qg., Cu)

Si 3N4, TaTi
material s.

very thin i
t han 10nnm),

current-carrying material to the VSDM phase. An internedi ate | ayer

conducti ve

pol yani | i nes:
si ght deposition,

Re, MS

, conposites thereof, and other

0123] An internedi ate |ayer may be electrically conductive. For
aredilat Bl thgeteiqrety cture gy Berpgparptrghinio sgRAntoll0Bven | ess

even relatively resistive materials nmay provide for sufficient

current dengidkbese thBdnghesitthe pal receith@dd 11M0Yh{tleQwnlirtemhd helesiRn@si ti ng

el ect r odeposphotoresiss piyar masitberigposifEdayi org, ofadhel segnherts 0Ohddhs non-

conductive layer 1200 may then be patterned so that a bottom surface 1210 of
each pin receptacle 1110 is exposed through the non-conductive layer 1200.
One or both segments 1100 of the interior structure may then be subjected to
an electrolytic plating process. During the plating process, a voltage is
applied to the interior structure so that the voltage switchable dielectric
material is conductive. A conductive material is then plated on the bottom
surface 1210 of each pin receptacle 1110 in the interior structure. Once the
contact leads are formed in the pin receptacles 1110, the non-conductive layer
1200 can be removed and the segments 1100 rejoined. The interior structure
may also be housed within a shell to complete the female pin connector.
[0113] Several advantages exist to forming a pin connector under an
embodiment of the invention. Plating the interior structure enables a large
number of pin receptacles to be included in the interior structure in one
plating process. Further, because the lead contacts can be made thinner, pin
receptacles can be formed closer together to reduce dimensions of the pin
connector. The pin connector can also provide over-voltage protection

properties that are inherent to voltage switchable dielectric materials.
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[ 0125] Various enbodi nents include el ectrodeposition of current-carrying
materials. In some enbodi nents, a VSDM (optionally including an

i nt er mediiDeol1zserey is imersed in a plating solution, RCTAS24%0i084563
plating bias is created to cause electroplating of a current-carrying

material. In some cases, the plated VSDMis renoved fromthe plating bath
while still subject to the plating bias. Electrodeposition may incl ude
i mposing electrical currents between 0.1 and 10 millianps/square cm An

exenpl ary plating solution may include copper ions at a concentration
between 0.4 and 100mM a copper conpl exi ng agent such as [ethyl am ne,
pyri di ne, pyriwfacaMRuntiagiageget hyl di et hyl ami ne, aromatic amines, and
nitrogen heterocycles] having a nolar ratio between 0.1 and 2 and a pH

between 3 aod4)/.SuPREENRWAOPhdRBESMBBNL &ISE@rdHi© R$1tPidth JRiaRE bR S as
described in U S. patent publication nunbers 2007/0062817 Al and

2007/ 0272560 . Al . the discl osures of ich ar.e i ncorporat.ed hy reference
rorel 2 20 it R ShE rour i e ot oL PR e dtig S Chr s
| ayers, as described, for exanple, in U S. patent application publication

nunmber 2005¢apa&EG3Middes, trhesistbsse hiod integrofedvdiicalt desicenoo@es@at.ed by
reference herein. In sone enbodi nents, depositing an internedi ate | ayer may

i ncl ude el I fit i i i . r. EE&? L "ER rising
electrograﬁ??ﬁggégy'ggg8%@%g%%&ﬁgg%g%%%ﬁggﬁ%gfp%g g&%rs %%#g??pinsluating
pol ymers) on a VSDM material by incorporating an el ectrografted

i nt er nedi at @nngstdp theepledticd gpafponar beis heusge s epedédeasnplpecfe| ect r ocheni cal

bondi ng (e.g., electrobonding) of a polyner, and nmay include inmersing a

VSDM i n a sQiriick aibut@dd f8niort &8t paeRafs Gl §e RN SIC B SRE padiRiles,cat i on of an
appropriate voltage (including a voltage profile) may cause the VSDMto

conduct el ectrons, ich .result in an el ectraochem cal deposition of the
quad flqat pa‘c’:\ibages, pqg%lc lead%d Chlip carﬂers, an cl%p cal[Her socketsp

[0115] Manufacturing surface mount packages involves forming a frame for
the leads of the package. The frame is molded using a material such as epoxy
resin. Thereafter, leads are electroplated into the molded frame. In an
embodiment of the invention, a voltage switchable dielectric material can be
used to form the frame. A non-conductive layer is formed on the frame to
define the locations of the leads. The non-conductive layer 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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di ssol ved pol yner onto the surface of the VSDM As such, a pol yner may be
el ectrobonded to the VSDM [0127i An exenplary el ectrografting enbodi nent
may i ncl Wle 20msesPng the VSDM in a sol uti on conpri si ng PER/USR@AI054563
precursor. An exenplary solution may include butyl nmethacrylate in a
solution conprising 5E-2 nol/L of tetraethyl amoni um perchlorate in DVF, in
an anount of 5 nol of butyl nmethacrylate/L of solution. The VSDM nay be the
morking el eeblfffontht BB, Mhe (BHALENEHEEHAAB R il ISy ence el ectr ode.
The i merse SDM may be subject To a voltage profile sufficient to cause
the VSDM to conduct (e.g., cyclic voltage between -0.1 and -2.6 V/ (Ag+-Ag),
and cycl ed ipgeggntly providegeverpoliagopiakrdionts paegesiontents orthanrdasel m (e. g.
pol y-butyl met hacrylate). [0128] In other enbodi nents, a

pol y- net hyl remtraasy bsikes. (PM) film may be el ectrografted to a VSDM
material by imersing the VSDMin a solution conprising MMA (e.g., 3.125

nmol /L of MVA _1E: l/L of 4- nitr enyl di azonj um tetrafl uproborate and

s 2 ol 03 G T Wk i OB e g HE T RHOEE VeoM to

vol tage cycle sufficient to cause the VSDM to beconme conductive. An

exenpl ary viey¢ragen sy eppiiptions itudey by edvargadeetineemcofpotatamde 08 V/ ( Ag+/ AQ)
at 100 nV/sec to forma pMVA | ayer on the VSDM [0129] FIG 14 illustrates
an exenpl aru, iRk O aRCkeRT VEOUT fd DalnbNSARRMALGR A FONAHLI Ve backpl ane.
In some applications, 1t may be advantageous-td provide a conductive

backpl ane "beneath" or "behind" a VSDM |l ayer. FIG 14 is a diagrammtic

r epr esent at §asFying fasapphal hessriexess glaydiage eppreciablea thigkaess (agdgiedterespondi ng
structures (right hand side) associated with a conductive backpl ane,

accor di ng t@akedrsaif Mn€ TR ARRIS; teh®BRicrbAs, %r%eﬂﬂg@,qf%rﬁg@@lwﬁ ve
backpl ane 1402 is provided. In some cases, the conductive backplane may be

incorporated intp or onto a substrate. |.n sone. enbodi nents, a conductive
backpl ane. neAs bfh Snanalings feit vy ved fhiglgiegs of BERRI fackr e | o
sheet). In step 1410, a voltage switchable dielectric material 1412 may be
deposi t ed diewattoneasita mofeoule).ofprahe phepwenofithisi specifiadiqn, sund lagerg. , by spin
coating). [0131] In sone enbodi nents, VSDM 1412 may be nasked to denarcate
exposed regjqQn r. e reation of a current-carrying formation. In
ot her enbo |r§1§%ﬁ{sefa]{}%%%l%§%¥e2ﬁ el)%‘ be unmasked. In optional step 1420, mask

1422 may be applied to VSDM 1412, defining a region 1424 where a
cur r ent - carPyBnglEolvaciudas mdjegsemgwpigsepreeentation 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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[01321 In step 1430, a current carrying formation 1432 may be fornmed by
depositing a conductive material on the VSDM 1412 (in this exanple, in
regi on 14M202011039w®pt i onal step 1440, mask 1422 may be r @CONUSA10[084683] A
conductive backpl ane may reduce the distance or thickness of VSDM t hrough
whi ch electrical current passes (e.g., the conductive backplane may act as
a "bus bar"). A conductive backplane nay inprove (e.g., snooth out or nake

Tor e (LT Of Bhed PECUSREAL nASNShi: S SR OBaINIRNER HDRaNTEM,

Enbodi ments wi t hout a ne may require

passage in a horizontal dinension (i.e., normal to the thickness of a VSDM
| ayer). Enbudiageand aRpyathg chargigeisticEolgekpl ane may provide for reduced

di stances of current passage, in that electrical current may pass froma

current - carpybngn k@pnmat o,0nsHNIrGuY hatyhe ivavi hayermidk 13he, Londust i ve
backpl ane in a direction orthogonal to the layer. [0134] A conductive

backpl ane may .i.nprove e uni.formty of current density duri eposition
(oo 20F ambShPBALY P rsiiiea At ny R R)S TPl IS of mance of
a VSDMin certain electrostatic discharge (ESD) events. A conductive

backpl ane nadgfineesuolekposed poridautdd oitlst ¥Hod oper whiihchcw umt-eatryjpasses, whi ch
may provide for |ower resistance as conpared to a VSDM | ayer not di sposed

conbi nad i TSGR T kb e Lt T bR G Fpe P LT ent (o0 a
t hi cker VSDM | ayer wi t hout a conductive backpl ane. A conductive backpl ane
may be net alpdewhichg curept-cayryingingterial is pabdenrasired dadkpeamPlemy i ncl ude a
conductive pol ymer.

shown in FIG. 13, mask 1312 defines an exposed portion 1314 of VSDM 1302

upon which a current-carrying formation may be fabricated.

[0120] In step 1320, an intermediate layer 1322 may be deposited on at least

part of the exposed portion 1314. Intermediate layer 1322 may be sufficiently

thick that certain desirable properties are manifest (e.g., adherence, diffusion

blocking, improved electrical properties and the like). In some cases, an

intermediate layer may be used to attach a polymer to VSDM 1302. In some

cases, an intermediate layer may be sufficiently thin and/or conductive that

subsequent deposition of a current-carrying material on intermediate layer

1322 may be performed. Intermediate layer 1322 may form an insulating

barrier, and in some cases, may provide for conductivity via tunneling and/or

other nonlinear effects.

[0121] In step 1330, a current-carrying material 1332 may be deposited on the

intermediate layer. In some embodiments, mask 1312 may be removed after

formation of the current-carrying formation. In the example described in FIG.
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)0135) FIG 15 is a diagrammatic illustration of attaching a package,
according to sone enbodi nents. A package may be attached to a

current - CNORYiMGITedr mat i on and/ or a vol tage switchabl e @#Celtseaios4snnt eri al
The attached conponents may be protected (e.g., fromdust, noisture and the
| i ke) using the package. A package may provide for inproved nechani cal
properties (e.g., strength, stiffness, resistance to warping) and/or may

i nprove th i kags t ocessed
(e.qg., attglcﬁ?%g 1?%%{:‘}3@?%&2t%| ce). fo ggsipl@%t?a Hﬂ?’%ir)]g%rfréi{t éagg %d/ or ot her
connections to a device contained mnthln t he package may be included wth a
package. [ OfPs®patig E42109mprising 3 seeentpafrydHeaterigt a%fi paditageedisg? to a
conponent including a current-carrying formati on 1504 deposited on a
vol t age swihehabl e dielectric material 1505. In this exanple, voltage
switchable dielectric material 1505 may be di sposed on an optional

ducti back 1506 h d t I bstr at
1508, I n" b ah R ae S <& MeSaae Ay e mb PG g egor e

current-carrying formati on and/ or VSDM wi t hout a conducti ve backpl ane
and/ or wi t hpevest dtfbsion beisveepQl3i7ient-wasyieg riBo0al (agpack ageda MSDMi s
attached, typically to at least a portion of the voltage sw tchable

i el ect i © iRkeh, A B0 AN SHRL AR AU MLy FREUON HB0Rs A package may

i nclude a po yner , a ceramc, a glass, or other material. A
package nmay be insulating. In sone enbodi nents, a packa?e nay i ncl ude a
pol ymer coatilivides, 3ud in epmecishesranbiaations tBpwsey, Exenelapndifiosi

pol y- et her - et her ketone, or PEEK) and/or various naterlals used in

m cr oel ect rgnties iRAGHATINIrANd0W ViR, Sbkiseat irenineiSiONi REado%br | Ng boar ds.
[0138] In optlonal step 1510, substrate 1508 may be renpved. Certain

enbodlnents i ‘Hﬂsia substra g |ssoI%abIe et chabl e, or neltable.
A substrat e 'Ry Y GB%W8$REQ @FO Pﬂ%P fAPEilSt hat nelts at t enper at ur es

bel ow 50 Cel sius. A substrate may include a netal foil. In certain
enbodi ment s[p123] dec olesheaiiate dyer nmgbelrdedmicdlypondt &deaFort ey thiher f ace
bet ween the substrate and the conductive backpl ane (or the VSDM as the
case Y behierhe IBYALOVIAEYTANGhIRY SYGS & SIBYARL Lt oyt AgnoUDSt rat e
A decohesi on ayer anin erhe ate

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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[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 anewoayiisIwpssol ved or etched (e.g., in an appropCTaiSe01ans4hp3 | 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

some, embodi JERL fro Ao SN Ryl SR0SEINCL LERE NN SHPSHALG, and the

substrate may be renove ormation o urrent-carryi mat i on,
and often after having attached a package. In sone enbodlnents a VSDM may
be di sposedhsp! a&ﬂtgd%ﬁjcﬁlﬁvm@aeﬁt}%ﬁ@y\lwlﬁéaﬂmm@%gm&%l CUEFRNYY he
conductive backpl ane may be renoved after having forned a current-carrying

formation. KeiaeeODeShanomayIeimpequakdche mValen sl @by
appl i cations. [0141] FI GS. 16A and 16B |Ilustr§?g§2?oss section and

perspectlve r ectlvel mask, according to
certain er‘rb]5l éper 1R0% Hiasco %ﬂfﬁt]ém bfuﬁgqqa(g% 811(%2%%\%(388?’%{ | ayer of
vol t age smntchable dielectric material (VSDM 1602 is shown, although a

cont act naakmmﬂymbgag&ﬁduﬂhahkﬂqﬂmmh&gpyﬂdﬁ@cﬁa@b@ﬁdﬁeIectric mat eri al
wi thout a substrate. [0142] In some enbodi ments, a contact mask 1610

et udes SIS AR Agh A AR AN AR ELSB g il ggl ode 1630 my
electrochenlcal reactions. Contact nask 1610 t yplcally i ncl udes one or nore
openi ngs 162yingmmtharralio betvigsat hyxd 2 and APl betiviegn Basd 71 6201

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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[0143] Insulating foot 1620 may sealingly attach contact nmask 1610 to VSDM
1602 in such a manner as to forma seal. The seal ed regi ons of VSDM 1602
are maskenof2oomsgmposi ti on or other reaction. In sonme erbddisSpES$4568 0Nt 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

1650 of VS i i n i f or med.
(oaaa] 1 ook ol PRl et e e B, N R 1 2605 by a

di stance 1660. Di stance 1660 may be |ess than 1cm 5mm 1mm or even | ess
t han 500 nidedrebondedin e Yoot 1620 may al so support el ectrode 1630
substantially parallel to VSDM 1602, which may inprove the uniformty of

current - dengiztly Af.eSemplity bRErSRART ot drABIditRhOHGR iRQHEEE BAMERM): thensul at i ng
foot 1620 may be fabricated froma variety of ceramc, polyner, or other

i nsul ati ng lals, such as.polyimde, poly-tetrafl uoroethyl ene, | atex,
phot or esi otV AAVE Sl SR ET0R Y PHT kR’ obf RAORP G SHBRST | n some
enbodi ments, an internediate | ayer may be used to inprove adherence and/ or
seal i ng of maayim$udebutpndtbatrytate imm slleddr aoepriding §BiZemelibotli mrent s, an
internedi ate | ayer may be used to inprove sealing and/ or adherence of an

insul ating Jeﬁ‘%thglﬁn?mgﬁ% perchlorate in DMF, in an amount of 5 mol of

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

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

advantageous to provide a conductive backplane “beneath” or “behind” a
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[ 01451 Openings 1640 may be configured to expose one or nore portions 1650
to afluid (e.g., aliquid, gas, plasma and the |ike) containing ions
associ at edowntispsemat i on of a current-carryi ng struct uP€T/USeI10Mx4P] €,
depositing a copper conductor may include exposing portion 1650 to a

sol ution having copper ions. Typically, openings 1640 are sufficiently
Iarge and/ or pIentifuI that a deposition fluid may be supplied

" cont i nuouSy ¥ Oy gyt hab b e 8 Rﬁ&% ol deresidiiQn fluid does not
limt depos?%?on % E ecfﬁ%ﬁe 1630 e % gr?%a#% froma suitably
conductive material. In sone enbodi nent s, electrode 1630 may include a

metal foil,Pogesingstepstleft se) apel carespandingamednres kit edcidaly al so
i ncl ude additi onal materials, such as layers that inprove nechani cal

properti es, askayifed wittad chiTRIAVED ng@ordla €6 Sertd@bmbBRIMMEs.deposi ti on
quality and the I|ke Electrode 16 0 and |nsu ating foot 1620 may each

conprise a Iur naterl enbadi a die (not
shonn) " havi RE0A T atepdaho Cerogauid fickchafEh LB EradpE Br-omsiertms 1650) i s
used to apply unlforn1pressure to a "top"” side of contact mask 1610. [0147]
For mat i on othe enedudtivebaekdame @ay be amqoyporgtefdaniradn @ris asapstiate| inde

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

attern rep iy ' t
Bubl|catloﬁ£%%%%%§&3g§§FR§§&%?g%§?b Bﬁqad?g&%ggﬁgg'o Et\/\ﬂgq#ﬁggncorporated
herein by reference. [0148] FIG 17 illustrates deposition of a
current - car# Yiickgmatal &l ensheed) flpsiapal 44 tra entage awitghalle dislaghiiq on, accor di ng

to certain enbodi nents. Exenplary steps in a deposition process are shown
on the | ef tmsicgial Rf12Fh$ bddepddlidn Wi fehs@xEsmbALY titdowatsias on the right

side of FIG 17.
backplane (e.g., by spin coating).
[0131] In some embodiments, VSDM 1412 may be masked to demarcate
exposed regions for subsequent creation of a current-carrying formation. In
other embodiments, VSDM 1412 may be unmasked. In optional step 1420,
mask 1422 may be applied to VSDM 1412, defining a region 1424 where a
current-carrying formation may be deposited.
[0132] In step 1430, a current carrying formation 1432 may be formed by
depositing a conductive material on the VSDM 1412 (in this example, in
region 1424). In optional step 1440, mask 1422 may be removed.
[0133] A conductive backplane may reduce the distance or thickness of VSDM
through which electrical current passes (e.g., the conductive backplane may
actas a “bus bar”). A conductive backplane may improve (e.g., smooth out

or make more uniform) the current density distribution through the VSDM.

Embodiments without a conductive backplane may require some current
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[0149] In step 1700, contact mask 1610 may be applied to a voltage
switchable dielectric material (VSDM 1710 to forma "sandw ch" 1720.

Sandwi ch Wd2011&a9769pt i onal |y i nclude a substrate 1712. Pgpiusadiops45¢5DM 1710
and substrate 1712 may be planar and sufficiently stiff that contact nmask
1610 may be sealingly attached to VSDM 1710. Typically, contact mask 1610
is renovably attached to VSDM 1710, for exanple using a clanp or other
means of a Nes may be

i mrer sed |ﬁ&£%%%gn%173g£§%gfg%§%%}dgsﬁggggigggﬂbiﬁﬁg%%ﬁgsSOC|ated with a
current-carrying material. In sone enbodinents, fluid 1732 may be a plating
sol ution. FaFerdxBmppdimentsylitta mdﬁaW%'@aC@e@@émm@vwowdﬂ@% to
fabricate a copper current-carrying formation, with nmetallic copper formng

the el ectrigiglane@nddaient Pdssd il GBIk teal cﬁkﬂéhdmlaﬁ%smymtve circul ated
and/ or agitated such that it passes through openi ngs 1640, exposing

portions 1650 t the fluid 51 volta e 1742 may be

b eat od_ betSEEHSMELEdHEN TR BN TG R ey S8 | age 1745 i s

| arger (in nmagnitude) than a characteristic voltage aSSOC|ated wi th VSDM
1710, such bdelplauSbivh dvticomthuggonaktorthehtyeunder vol t age 1742. Vol tage 1742
may cause a deposition of a current-carrying formation 1744 on portion

1650. 1 Ul Qold% BB e ERUGH NG, (o (ML BnPBRILGRARAD) sulficiently

fast that current-carrying natl ates un

density during deposition (e.g., 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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[0152] In step 1750, contact mask 1610 may be renoved. |In sone enbodi nents,
a contact nmask may be re-used for nultiple depositions. In sone

enbodi nernwe,20a/059160age nmay be applied prior to imrersi oRCOfUSRINO/054563

VSDM contact mask into the plating solution. In sone enbodi nents, the
applied voltage may be maintained until after the VSDM contact nask has
been renoved fromthe plating solution. [0153] FIG 18 illustrates a

curr ent - Carkydng f QIR Olisf AR BAEE RS AY/ADELCRhAGRAOESSS, according
to certain enbodi nents. Exenplary steps are shown on the [eft side of FIG
18, along with exenplary structures on the right side of FIG 18. [0154i In
step 1800, $evégrioattinerhyithingthe negkagsenaphe inclided itk apathassr 1802 di sposed
on a voltage switchable dielectric material (VSDVM 1804, which may be

di sposed omnoiwp MG, B Slubghteah®achdi of Q%H&l&@e as(s@ndwngbneh808.  Cont act
mask 1610 defines one or nore portions 1814 of conductor 1802 to be exposed

to an etchin ol ution, .and prevents e i of regions of conductor 1802
L one BlaGed RendaRy MR ek SRl SEARERE, 1008w be
imrersed in an etching solution 1812. Etching solution 1812 may be chosen

t o el ect r ocdveidhablel dielettcih ncaeidal d605. 1h80B,exafripén vakagegveibchaplel | ed vol t age.
Et ching solution 1812 may pass through openi ngs 1640, reachi ng exposed

portions 18&iélec@icqﬁﬂ8ﬁ5tli595'n§a§/] %t ri%bg@%n%%%%é#&ﬁ?ﬁc%%%ﬁ?%elga%\lfg{épg;g_hi Fg 156)

solution by reversing the sig 0 rt e app

In step 1820, a voltage 1822 may be applied between el ectrode 1630 and VSDM
1804. Vol t abpforgbizhmedy bredispessdipntan opitadial gbsbaisolo08i Breesfiret chi ng sol ution
1812 and optionally the circulation of etching solution 1812 through

openi ngs 164fApodiHeltst AphclGRRAMGLIR atlRA2d PRY clfefit Ghgthg hyRhGah | Y, Vol tage
1822 is greater than a characteristic voltage associated with VSDM 1804,

A1 h Y b5 LSO LIE0 LRl AR AL SRS St oo™

one or nore current-carrying formations 1824.
[0137] In step 1500, a package 1502 is attached, typically to at least a portion of
the voltage switchable dielectric material 1504 and current-carrying formation
1505. A package may include a polymer, a composite, a ceramic, a glass, or
other material. A package may be insulating. In some embodiments, a
package may include a polymer coating, such as a phenolic, an epoxy, a
ketone (e.g., poly-ether-ether ketone, or PEEK) and/or various materials used
in microelectronics packaging and/or the fabrication of printed wiring boards.
[0138] In optional step 1510, substrate 1508 may be removed. Certain
embodiments include a substrate that is dissolvable, etchable, or meltable. A
substrate may include a wax or other material that melts at temperatures
below 50 Celsius. A substrate may include a metal foil. In certain

embodiments, a decohesion layer may be incorporated at the interface

between the substrate and the conductive backplane (or the VSDM, as the
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)0157) In step 1830, contact mask 1610 may be renoved. In sonme enbodi nents,
conductor 1802 may be deposited as a sufficiently thick |ayer (e.g.,
several mworonwsere9nore) that current-carrying formti oRCIBBA0MMy4S6E used
as-etched. [0158] In optional step 1840, an additional current-carrying
material 1842 may incorporated into current-carrying formation 1824. For
exanpl e, by exposing current-carrying material 1824 to a deposition

solution an ty r i ; nd a
countereleé%?ggg@ﬁﬁﬂgﬁgaqg%&&??%ﬁ?%gﬁﬁggg?%?gnd%»gﬁgygﬁﬁ%%%ﬁgé?%g mat eri al
1842 may be deposited on current-carrying formation 1824. [0159] FIG 19

i |1 ust r at esAglegehresipgdaxstinpdnislusledindnisemedigtqlay®i i al (VSDM 1910 havi ng
regions with different characteristic voltages, according to certain

enbodi ment sjo135Uah opti6RAlfstegUrRD] @AITBYV BERkPMBe AB0ERIY bé Yerhévddalahi cat e
current-carrying formations in different regions. V 1910 may have

regi ons havig& di fferent d&pqsi i on and/ or eLchkﬂ@ chara%teristics. For
exanpl e, a FITSr FeGion ‘P8I ThEPaF RIFITEBRESBE AN HGe swit chabl e
dielectric materials having a first characteristic voltage, and a second
regi on 1950barkplanaciayde diswlord oroteheddb.pagearsappropabieacidi)elresdimeé c materi al s
havi ng a second characteristic voltage. A current-carrying formati on nay be

ccording 1601 P PG e AFERRNE FRLRC L 48l Ray BENN cposed on
a conductive backpl ane 1920, which may optionally be di sposed on a
subst rat e 1@3pbe 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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[0160] In an enbodi ment, first region 1940 may be characterized by a first
t hi ckness 1942 between conductive backpl ane 1920 and the surface of region
1940. A swocend/esemPon 1950 may be characterized by a se®OmASRi0oOEssess 1952
bet ween conductive backpl ane 1920 and the surface of region 1950. [0161] In
certain enbodi nents, regions 1940 and 1950 may al so be characterized by
dept hs 1946 and 1956, respectively. Under certain deposition conditions,
deposi tion MBS i sol ution haV|ng
i ons aSSOC|%?%HE£q&ﬁQq6%ate#?gﬁgygﬁﬁghég%%%%?%ﬁhgﬁggg%%gﬂggses di ffusion
of ions fromthe bulk solution to the surfaces of regions 1940 and 1950
(e.g., downCerdpetigaskgbdo Brpicallygpylugasonseorsneiy Asaings 1oHatviickimyer ence

bet ween depths 1946 and 1956 has an appreciable effect on the relative

dep05|t|on1@myémn$§¢wh§Mbﬂ@§@§tﬁpothe respective surfaces. In sone
enbodi nent s cyc |c vol t age nay be i nmposed, and in sone cases, the

ascoc at o WA B FEE 500 BTG Sl PR e R dma il 16885 Ma 621

Deposition may include the use of an el ectrode 1960, which may be a planar
el ectrode. 1602 ¢estc mmenbadisieihdrs) a depofhe saatedardions o€ VEPIMI§6G2are egi ons
1940 and 1950 may be nodified by choosing an appropriate distance fromthe

respective Iﬁ%ﬁeﬂcf?ox{l‘aeﬁbﬁ%ﬁ 98th%9fe%ct1§19r1ne§6 Iﬁ%ﬁ ﬁEs, El}xﬁ&&“ce 1944 may

characterize a length ronlt e surface of region ectrode 1960,

and second di stance 1954 may characterize a |l ength fron1the surface of
regi on 1950magk Kilearayobrepree®d. agponeb ¥ PO M 1&Bnd yeraByi ineHaENE fdot st regi on
1940 may have a different characteristic voltage than that of second region

1950. In someoeasase suhdisnifl} I:Jxﬁﬁl@aﬂﬁ eharRYnRer AHsk 1A 0dh{kereatioh B cknesses of
the VSDM i n each 'region, which may cause a difference in the field

VSDM ey by SIS 108 R FTFEBIe) MG BB A OIS LYRBRP | ayer may.
include a plurality of VSDM materials (e.g., arranged in |layers). For
exanpl e, a porkish 1§80 VIBIYM 1602 upon which a current-carrying formation may be
formed.
[0144] Insulating foot 1620 may separate electrode 1630 from VSDM 1602 by a
distance 1660. Distance 1660 may be less than 1cm, 5mm, Imm, or even less
than 500 microns. Insulating foot 1620 may also support electrode 1630
substantially parallel to VSDM 1602, which may improve the uniformity of
current-density (e.g., during deposition) through portion 1650. Insulating foot
1620 may be fabricated from a variety of ceramic, polymer, or other insulating
materials, such as polyimide, poly-tetrafluoroethylene, latex, photoresist
materials, epoxy, polyethylene, and spin-on polymers. Insome

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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have a depth equal to second thickness 1952, and a conbi nation of first

VSDM and second VSDM may have a depth equal to first thickness 1942. [0164]

Regi ons hwoizag/dpfeber ent characteri stic vol tages may bePCalseaansesdody

stanpi ng or other physical form ng. Regions having different characteristic

vol tages may be fabricated by ablating, |aser-ablating, etching, or
otherwi se renoving material. A first region my be formed using a first
mask (e.qg.,: i i sing a
second nasfﬁﬁfg%ggﬁggﬁ%§§%§8%%'a?thgtrgﬁgggﬁggagg%gpgf%ﬁEo p%ﬁe or nore
current-carrying@;ornations, according to certain enbodi nents. In each
figure, VSORFulg faot iy SBMan exanple for illustrative purposes only.
VSDM 1920 includes a first region 1940 having a first characteristic

vol tage, angi4d SBEML 1890 ahyRSOnNaNteddoaxpeehd of hadra@oftidritiicso vol t age.

current-carrying formation may be formed on first region 1940, or second
region 1950, @%i?ﬁ%gsg ﬁgtln t]gsgas:} %ﬁgm%na%d]’cgg ?lke)aé%(l:l?aril%lngQOIESOaS(S:I(I)Ji&]:tg(ﬁ ent

processing €
with formation of a current-carrying structure. For example, depositing a
copper 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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[0166i FIG 20A illustrates a structure conprising a first electrical
conductor 2010, formed on second region 1950. Electrical conductor 2010 may
be for nmedyofor/esemepl e, by exposing VSDM 1910 to a sour PETAS2010/054563
(associated with the conductor). A voltage difference may be created

bet ween VSDM 1910 and the source of ions that is greater than the
characteristic voltage associated with second region 1950 and | ess than the
charact eri Sﬂdlﬁb%’f@Ob@/é?54\%%§%ql, HeGlscibdille b WRIHI MO ol%ﬁhel%éﬁ Bg. region 1340
may remai n insulating, il e second region 1950 becones conducting, and
deposition may occur only on second region 1950. [0167i FIG 20B

i || ustrat esteirérGeuct ur e conprising a first electrical conductor 2020 fornmed
on first region 1940 and a second el ectrical conductor 2030 forned on
second regi0is195Q. 1751 AteS abp SRS LF G220 rping RA3RaN@Yohe af or med, for
exanpl e, by exposing VSDM 1910 to a source of ions (associated with the
conductor). A v It@ge Qifference n&%gﬁe createq) et ween _VS 1910 and the
source of i GHETKATYING IGrRaiA) aE504 8 AP SRS F¥TTRYES associ at ed
with both first region 1940 and second regi on 1950. Deposition nmay occur on
both first stegdion dkPpbdbitiangpreesome: sheginam the Kt sifie d6BIG. BV Glo2D)@ithl | ust r at es
a structure having a first electrical conductor 2020 forned on first region
1940 havin j.Sti L t i§ greater than the
characterig?%c VO ?ﬁ%@ag§%%€F§$£ %?Fﬁnigﬁaﬁh regi on 1950. Such a structure
may be forned, for exanple, by selectively etching a structure forned
accordi ng t814{) @S*E@ﬂ%&wn@% mple1618| et %l¢ eppliedlgpauciigse seidmbid 2030 may
be formed by exposing VSDM 1910 to a source of ions (associated with the

conduct or) . 4ife¥@lctRgerisl (Msenencao teyorRea edpalech bebpesmMNaBVh 2210 and t he
source of ions that is greater than the characteristic voltages associ ated

s bt T fSHLBn 040 20 EReonl hesL ), 1950, PRRSSIL BBy eecur on
current-carrying formati ons. Subsequently, electrical conductor 2030 nay be
pr ef er ent i al719 netychegsl ag®. agnd, sutfldcieditly pdt thiat odntadtsnastripletayrbenoval ),

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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| 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 csiees11/sphi ng may be associated with current fPOWUSRO10O§HF6H

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

et chi ng ass&ﬁ&gﬁgﬂﬁmk£ﬂﬁ§§£ﬂgga&8?%%gg%ﬁ%gko Y& RGN SYEC718

Mcro-Circuit Board ApplTcations iments of the invention also
provide mcro-circuit board applications. For exanple, smart cards are

cr edi t - car dC¥dzstssyFEnt wrder yolipge 5 4RavioNged het2draysruse aseadian €bmut er
chips. A smart card typically includes a mounted m cro-nmenory nodul e and

conduct ors { @irréritt@fGaRemhhAGN 1R dH Sdr8ioA 8 B5Y. YFIARABE nviytde ot her
conponents such as a sensor for detecting smart card readers. Due to the

ize of th : d,_as well he..si ze of th ts enbedded
Tount ed 0 ERE BN T-EAVA PO LI Ve L BAGHE S B B BUHStrake of the

smart card al so have to be very small. [0170] In an enbodi nent, a voltage
swi t chabl e fdrmhéot platesnatiforindy. i s used for the substrate of a smart card.
An el ectrolytic plating process such as descri bed above is used to produce

a pattern gbGONRRRLaySn 0B, LReAIRI 1051 s RrfARIETH e merory modul e to

ot her conponents. conductive l'ayer conprising the pattern of connectors

is plated onto the surface of the ' .
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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substrate through a photoresi st nmask as descri bed above. By using a voltage
switchable dielectric material, the pattern of connectors can be plated
onto t he Woketwed®owi t hout having to etch. This can redRc@&/ush@onmisékness 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- | evel GREMAIEALISINTREWBER0E QIZO%\{E{ rséd &Cﬁé%ﬁgg&ﬂ%ﬁd on the

board so that the processors act subs trally as one prgocessing unit.
Addi tional conponents such as a menory can al so be nmounted to the circuit

. . C .
board to cotitanfeching saletien Hd 2ppackasdivsen tagledrachemigatly tcind | ead patterns
are therefore required to preserve processing speed for conmunications that

pass bet weegnldietod N8I bRePS6E 95 Applied Vdilade. Aschihg BolptieN il Lrsmeybodi ment s,
such as the enmbodi nents directed to snart cards, the mcro-circuit board

al so i ncl udes substrate f d froma vol.tage sw habl e dielectric
tori s P BR bbRh Ry L e R e e o R £ AP et S et f e
pattern for selected regions of conductive material to be subsequently

deposi t ed. dutidremby alsptbe®ppraded ssan etchingdotubioplbgtreveimgbe sige (omt erial i n
sel ected regions according to a pattern to interconnect processors

subsequent | y [T BB T jitguit board. [0173] Again, one advantage
provi ded b %gﬁﬁggvgrfg éB§X§F5 able dielectric materials is that

conductive | ayers can be made with reduced thi cknesses. Another advantage
i s that pl aP15plg lesisaucEi ey haged 822 may b appligst batwisen elgeirese 1630 and

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

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

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

appropriate voltage between VSDM 1804 and a counterelectrode in the
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steps reduces manufacturing costs for the mcro-circuit board. Still
anot her advantage is that a mcro-circuit board can be devel oped to have

conduct i weoebamsates fornmed from nore than one type of ceadisSeéwes4sas eri al .

This is particularly advantageous for interconnecting processors on one
mcro-circuit board because materi al

requi renents of the conductors may

vary for each processor, depending on the quality, function, or position of

each proces iorf £ ( foly
exposed to §)ém%hgﬁ?gﬁﬁgﬁ% %ggﬁgggﬁ?rgﬁﬂnre durgbf

for exanple made fromnickel, to withstand tenperature fluctuations and

9&ﬁ5h@4i3£ sfddfdiitq Beard that are

conductive el enents,

extrenes. \WEFeMsagymedeasapn 134 handl i ng nore conputational |y denandi ng

functi ons,

and | ocated away fromthe environnment, can have contacts and

| eads f or me@ishr AGa1g@LEHhidb a WoltheeSsWitdiaBle délBatik ntabrifIgUEDs)i vy such as

gold or silver. 4. Magnetic Menory Device [0174] In another application,

a

bstrate is integrated int device that includes a plurality of
memory cel | ViR dRstbr) et hersifestn v ksse SrodeBIErRE mat or i al . The

orientation of a magnetic field of the |layer of the magnetic materi al
stores a da¢mabdalitmenTheSunk rupyfigehtisn arey iagressadalhlityelodebridatal
Vol tages applied to the nenory cells via the electrica

to, or forme

e“substrate are to select t

set and to be read.

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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[0175] In an enbodi ment of the invention,
device is fornmed froma voltage swtchable dielectric materi al

the substrate used in the nenory
A first

nonconducwopwvelleysp i s deposited and patterned on the smbFtusatie/os4s6slef i ne

regi ons where the |ayer of nagnetic materi al

is to be fabricated. A first

el ectrolytic process, as described above, is used to plate the | ayer of
magnetic material on the substrate. The electrolytic process, for exanple,

can be use
mat eri al .

masked on the substrate to define regions where the electrical

1940 agd dAeP @ige oMbl danths Hi8cerdslope) maehe slseEnoggpithtta t he

be | ocat ed.

el ectri cal

enmbodi nent ,

substrates
substrates
nore vi as.

on the surfa

a second non-conductive layer may

gslotxrr% &lrs?g, ?ifgls%}p@ij ibASAbRAhY g\dﬁ&%l?J o ¢k @érf&%g olé geégcgnsof magneti c

Ited and
| eads are to

| eads. 5. Stacked Menory Devices [0176] Under still another

diffefahlcé bethtRAIERER 19@@@11&&1%\41&%@@?&%@3 SRt bhahd Ly _OfI H
e dielectric materi al . e

each fornmed froma voltage switcha

are stacked and,are electrically interconnected using one or
AR R Rrear By s Rt B e S s anatae o
current-carrying |layer by an electrolytic process. Several advantages are
appar ent ungiebodihiestse abpdicnehihgematytbe impoestt, iaod in Idree vasas, than be pl at ed
during a fabrication step with one or nore of the current-carrying

formations fofRd, SNSRI AAEE 0 lPplRIRSELIIR,SURRIAL es. The

as 1s

pl ati ng

ess’ expensive to produce and nore

reliable than plated vias produced b%'previous met hods, such as by seeding

t he surf acesefiatedavifh didtusion pfiions v

glepds 1946 and 1956.

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

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

VSDM materials (e.g., arranged in layers). For example, a first VSDM may
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6. Flex Gircuit Board Devices [0177] Yet another enbodi ment of the

i nvention provides flex circuit board devices. Flex circuit boards

gener al | ywprzolwnderea hi gh density of electrical | eads an#CTAspaOsmMss3
Unfortunately, increasing the density of electrical and conductive el enents
can di mnish the speed and/ or capacity of the flex circuit board.

Enbodi nents of the invention provide a flex circuit board that

advant ageous| % JaeH BqY Al 886n3 WhiLeNA650hRk SChRi MBS kil vspNner ease

the density of electrica conductive conponents on the flex circuit

board. [0178]_ Under_ an enbodi nent, a cqg&os[tion of a voltage swtchable
di el ectric #stweerd VEPM gagdiazg agisathenund i fivst Brigkepeld¥Bl e and thin circuit

board. A resist layer is patterned onto the substrate to define finely

spaced regiEng, RgiARMCIngAliHolchderexeead NiftabBEma N BE 8irRaie8tbyc Vol t age of
the particular voltage switchable dielectric material is applied to the

vol tage sw tchable diglectric teri and.a current-carrying formation is
plated to fUPRPIERCEHPRGHELETLE RURoTiRas Sfkal hugiersic  o17ei By
using a voltage switchable dielectric material, current-carrying precursors

are deposi tedtages may by fanidabel Isualtfl sides, dfset-helasnfstdang drotleominet he
current-carrying formation. This allows the current-carrying fornmation to

have a red Mol S hIE: [ r.avi - I f.cuit board

devi ces. Ag%233%§%§5?§%§éA?ggggggﬁJg e %@??Fgg%ﬂgﬁﬁﬂ%gﬁﬁg%?ﬁgéieIenents on
the surface of the flex circuit board can be thinner and spaced nore

cl osel y t ogeitdieiesispnanghpbacend iregion sraydefipared ppipgiatsegar@agader an

enbodi ment of the invention includes a print head for an ink jet style

printer. Thyfs tHesusA-ofill@soued iR ppwtibaRRBhe ofhRkeelidft-dARyald al enabl es
the flex circuit board to have nore finely spaced el ectrical "conponents and

|eads' resul (Lng L0 Lncrased pLLNLLAG. (259 UL O 0 AR ATL e 7
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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[0180] Yet another enbodi nent of the invention provides RFID tags. In these
enbodi nents the nethod of the invention can al so be used to fabricate

ant ennas WOQOdseTe9ci rcui try on substrates for RFI D andPeirish@sss4shs p
applications. Additionally, a layer of a voltage switchable dielectric
material can be used as an encapsul ant. Conclusion [01811 In the foregoing
specification, the invention is described with reference to specific

enbodi ment %Bﬁ@éé’c%dr@%& 4 oSk Lcﬁgidcan% etépo\éft ok ze that the

i nvention is not thereto. Various Peatur and aspects of the
above-descri bed invention nag be used individually or jointly. Further, the
i nventi on c¥HY BB sgeand; regign; 19 @ny nunber of environnents and applications
beyond t hose descri bed herein without departing fromthe broader spirit and

scope of t h@isPauGS 20/ailluSated AEtrEQAED EdrE@ilidiAg a gt eIl MaN ESn RIcEor

accordingly, to be regarded as illustrative rather than restrrctrve It
wll be rec i.zed he te ris " "inclu »and "having,"
as used her %ﬁfo%ﬁ f%%%ﬁ %ﬁ“ﬂ@é%% ‘i%gﬁgfﬂéaadagoaggﬁ ended terns of
art.

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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CLAI M5 What is claimed is: 1. A nmethod for fabricating a current-carrying
formation, the nethod conpri sing: provi ding a substrate having a

vol t age swiDtehshmodi el ectric nmaterial on at | east a poPCIrams2@b/ 054563
substrat e;

leaving electrical conductor 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 an electrically conductive material on at |east a portion of the
vol tage switchable dielectric material; and attachi ng a package to at
| east a pwotnorsefedat | east one of the voltage sw t chablPETAiS:01005456%
material and the deposited electrically conductive material. 2. The net hod
of claim1, further conprising renoving the substrate fromthe attached

vol tage switchable dielectric material. 3. The nethod of claim2, wherein

(T 5, LGSR L R SR e ek Bl m
switchable dielectric material, the pattern of connectors can be plated onto the
substrate without having to etch. This can reduce the thickness of the
conductive layer on the substrate.

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

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

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

Another advantage is that plating conductive material with fewer fabrication
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5. The method of claim11, wherein providing includes providing a substrate
with a decohesion | ayer between the portion and the voltage sw tchable
di el ectriworzatienspmb. 6. The nethod of claimb5, further ®CERASRGIOO§SEEMOVI NQ
the substrate using the decohesion layer. 7. The method of claim 1, wherein
attaching includes encasing the portion in a polyner. 8. The nethod of
claim?7, wherein the polyner includes any of a polyurethane, a PEEK a
novol ac, an&eﬁé}eaﬂ%xnanufacmring 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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9. The nethod of claim11, wherein the package includes a conposite
material. 10. The nethod of claim9, wherein the conposite materi al
i ncl udes woR2ptesgieass conposite. 11. The method of cl ai RCT/USMIG/08i563 any of
t he package and the voltage switchable dielectric material includes a via.
12. The method of claim 11 wherein depositing includes depositing the
electrically conductive material in the via.

mounted to, or formed in, the substrate are used to select the memory cells to

be set and to be read.

[0175] In an embodiment of the invention, the substrate used in the memory

device is formed from a voltage switchable dielectric material. A first non-

conductive layer is deposited and patterned on the substrate to define regions

where the layer of magnetic material is to be fabricated. A first electrolytic

process, as described above, is used to plate the layer of magnetic material on

the substrate. The electrolytic process, for example, can be used to plate a

cobalt-chromium (CoCr) film as the layer of magnetic material. Similarly, a

second non-conductive layer may be deposited and masked on the substrate

to define regions where the electrical leads are to be located. A second

electrolytic process is then used to plate the electrical leads.

5. Stacked Memory Devices

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

carrying formations formed on the surface of the respective substrates. The
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13. The method of claim1, further conprising formng an internediate | ayer
on at least a portion of the voltage switchable dielectric material before
deposi ti nyorha/spmetri cally conductive material, and th@Celuseawiossshbs y
conductive material is deposited on the portion having the internedi ate

| ayer. 14. The nmethod of claim 13, wherein the internedi ate |ayer includes
a diffusion barrier. 15. The nethod of claim1, wherein providing includes

pr ovi di ng_a,SHRSLR LA BRIR SQNUUELINE LAGKRIABS BRNRAHA hOR Vol tage

swi t chabl e ctric materi a The ne aim1l, erein

depositing includes creating a voltage between 0.1 and 400 volts.
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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17. The method of claim 1, wherein depositing includes using a cycling
18. The nmethod of claim1l, wherein depositing includes partially
et chi ng twe 2eliesptebcal | y conductive nateri al .

vol t age.

di el ectric substrate having a surface;

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 voltage swtchable dielectric material disposed on at |east a portion of
thesurface; an electrically conductive material deposited on at |east a
porti on ovotha/osgle®age switchable dielectric material; 20W/S2pa0keee
attached to at | east one of the voltage switchable dielectric material and
the deposited electrically conductive material. 20. The structure of claim
19, further conprising an internediate |ayer disposed between the voltage

sui t chabl e el ghidecicamid iaheiAcuLR HARRR R theichlAldhin sipnduct i ve

mat eri al . A structure conprisin

scope of the specification. The specification and drawings are, accordingly, to
be regarded as illustrative rather than restrictive. It will be recognized that

1 s

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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a voltage switchable dielectric material; an electrically conductive
mat eri al deposited on the voltage switchable dielectric material; and a
package awbDaohad9te® at | east a portion of any of the volPCags2emios4shabl e
dielectric material and the electrically conductive material .

CLAIMS

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

providing a substrate having a voltage switchable dielectric material
on at least a portion of the substrate;

depositing an electrically conductive material on at least a portion of
the voltage switchable dielectric material; and

attaching a package to at least a portion of at least one of the voltage
switchable dielectric material and the deposited electrically conductive

material.

2. The method of claim 1, further comprising removing the substrate from the

attached voltage switchable dielectric material.

3. The method of claim 2, wherein removing includes dissolving the

substrate.

4. The method of claim 2, wherein removing includes melting the substrate.
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5. The method of claim 1, wherein providing includes providing a substrate
with a decohesion layer between the portion and the voltage

switchable dielectric material.

6. The method of claim 5, further comprising removing the substrate using

the decohesion layer.

7. The method of claim 1, wherein attaching includes encasing the portion in

a polymer.

8. The method of claim 7, wherein the polymer includes any of a

polyurethane, a PEEK, a novolac, and an epoxy.

9. The method of claim 1, wherein the package includes a composite material.

10. The method of claim 9, wherein the composite material includes a

fiberglass composite.

11. The method of claim 1, wherein any of the package and the voltage

switchable dielectric material includes a via.
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12. The method of claim 11 wherein depositing includes depositing the

electrically conductive material in the via.

13. The method of claim 1, further comprising forming an intermediate layer
on at least a portion of the voltage switchable dielectric material before
depositing the electrically conductive material, and the electrically
conductive material is deposited on the portion having the

intermediate layer.

14. The method of claim 13, wherein the intermediate layer includes a

diffusion barrier.

15. The method of claim 1, wherein providing includes providing a substrate

having a conductive backplane beneath the voltage switchable

dielectric material.

16. The method of claim 1, wherein depositing includes creating a voltage

between 0.1 and 400 volts.

17. The method of claim 1, wherein depositing includes using a cycling

voltage.
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18. The method of claim 1, wherein depositing includes partially etching the

electrically conductive material.

19. A structure comprising;:
a dielectric substrate having a surface;
a voltage switchable dielectric material disposed on at least a portion of
the  surface;
an electrically conductive material deposited on at least a portion of
the voltage switchable dielectric material; and
a package attached to at least one of the voltage switchable dielectric

material and the deposited electrically conductive material.

20. The structure of claim 19, further comprising an intermediate layer
disposed between the voltage switchable dielectric material and the

deposited electrically conductive material.

21. A structure comprising;:
a voltage switchable dielectric material;
an electrically conductive material deposited on the voltage switchable
dielectric material; and
a package attached to at least a portion of any of the voltage

switchable dielectric material and the electrically conductive material.
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