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FORMING CONDUCTIVE PATTERNS USING INK COMPRISING METAL
NANOPARTICLES AND NANOWIRES

CROSS-REFERENCE TO RELATED APPLICATIONS
{6001} This application claims priority to US Provisional Application No. 6§1/648,968 filed
May 18, 2012 entifled "METHOD OF PRINTING PATTERNS ONTO A SUBSTRATE
USING METAL NANOPARTICLES AND NANOWIRES, WHEREIN THE PRINTED
FPATTERNS DO NOT REQUIRE ACTIVATION PROCESS FOR PLATING,” incorporated

herein by reference.

FIELD OF THE DISCLOSURE
[0082] This disclosure relates generally to flexible and printed electronics (FPE). More
particularly, the present disclosure relates to a method of fabrication of microscopic
conductive patterns on a flexible substrate film, whereby the flexible and iransparent printed
patierns do not require aclivation before plating.
BACKGROUND

18483] Devices using RF antenna as well as resistive and capacitive touch screen
technologies may comprise materials that are both transparent and electricaily conductive.
The demand for the devices and systems that use these producis is on the rise, as such,
efficient, reliable, and economical systems and methods of producing these components
may be increasingly desirable. The conduclivity coniributes to the functionality and the
transparency contribules to the user experience so that the user of the device comprising
the touch screen can see the information displayed on the screen and not reflection from
the conductive patterns. Conventionally, Indium Tin Oxide {(ITO) is used as a melal oxide
for touch screen sensor applications as it is oplically transparent and is conductive. TO
may be emploved to make transparent conductive coatings for liquid crystal displays, flat
panel displays, touch panels, solar paneis and aircraft windshields.

SUMMARY
{8084} In an embodiment, a method of forming a conductive pattern by flexographic printing

using nano-catalyst ink comprises: cleaning a substrale; printing a patiern using an ink on a
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first side of the substrale, wherein the patlern comprises at least one line, wherein the line is
1-25 microns wide, and wherein the ink comprises a binder and a plurality of nano-catalysts
comprising at least one of a plurality of nanoparticles and a plurality of nanowires, wherein the
plurality of nano-catalysts formed are one of palladium-copper nano-catalysts, silver nano-
catalysts, or copper nano-catalysis, and wherein the ink comprises al least 50wt.% nano-
catalysts; and curing the first pattern.

{38485} In an embaodiment, a method of forming a conductive pattern by flexographic printing
using nano-catalyst ink comprises: cleaning a substrate; printing a pattern using an ink on a
first side of the substrale, wherein the patlern comprises at least one ling, wherein the line is
1-25 microns wide, and whersin the ink comprises a binder and a plurality of nano-catalysts,
wherein the plurality of nano-calalysts formed are ai least one of ethylens glycol silver nano-
catalysis or glucose silver nano-catalysis, and wherein the ink comprises at least 50 wt. %
nano-calaiysts; and plaling the patlern.

{0886} In an embodiment, a method of forming a conductive patlern by flexographic printing
using nano-catalysis ink comprises: cleaning a substrate; and printing a pallern using an ink
on a first side of the substrate, wherein the pattern comprises at least one line, wherein the
fine is 1-25 microns wide, and wherein the ink comprises a binder and a plurality of nano-
catalysts, wherein the plurality of nano-catalysis formed are at least one of ethylene glycol
copper nano-catalysis or glucose copper nano-calalysts, and wherein the ink comprises at
least 50 wt. % nano-catalysts.

[8887] The foregoing has ocutlined rather broadly the features of the disclosure in order that
the detailed description that follows may be belter undersiood.  Additional features and
characteristics will be described hersinafter that form the subject of the claims.  Thus,
embodiments described herein comprise a combination of fealures and characleristics
intended to address various shortcomings associated with certain prior systems and methods.
The various characteristics and features described above, as well as others, will be readily
apparent {o those skilled in the art upon reading the following delailed description of the

exemplary embodiments, and by referring to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
{6068] For g delailed description of the exemplary embodiments of the disclosure reference
will now be made {o the accompanying drawings in which:

[0089] FIG. 1 is an llustration of a system for manufacturing a high resolution conductive
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pattern (HRCP) according to an embodiment of the present disclosure.

{0010} FIG. 2 is an illustration of an alternate system for manufacturing a high resolution
conductive pattern (HRCP) according to an embodiment of the present disclosure.
{8811} FIG. 3 is a flow chart of a method of manufacturing a high resolution conductive

pattern according fo an embodiment of the present disclosure.

DETAILED DESCRIPTION

{8012} The following disclosures are incorporated by reference: US 7,070,406 "Apparatus for
embossing a flexible substrate with a paitern carried by an optically transparent compliant
media,” US 6,245,248 "Micro-structure and manufacturing method and apparatus,” US
20060134562 A1 "Method of forming micro-pattern,” US 6,632,342 "Methods of fabricating
a microstructure array,” US 200800020215 A1 "Optical Coatings with Narrow Conductive
Lines,” US 7,973,097 "Transparent structures,” and US20020142143 A1 "Laser engraved
embossing roll,” and US 5,759,473 "Method for producing an Embossing roll.”

{8313} The present disclosure relates to methods of printing high-resolution conductive
patterned lines onio a flexible transparent subsirate using ink compositions comprising a
polymer binder and suspended melal nanoparticles and nanowires that do not require
activation process before plating. Conventionally, ITO film is used for touch screens and
ather high resolution conductive paiterns. In resistive touch screens, when a user {ouches
the screen with a finger or & stylus, the 1TO film is pushed into contact with the 1TO glass
producing a voilage signal allowing a processor to compute the coordinates (X and Y) of the
touch event and process the appropriale response to the touch peoint. 1TO may have
availability (sourcing) and cost concerns and minor issues include average conduclance
refative 1o other materials and the films frailly. More specifically, the limited supply is
exacerbated by the fact that indium is a rare earth metal that is nearly exclusively mined
and produced in China. As such, exports for commercialization are controlled by the
government of China and command a premium. Additionally, ITC is manufactured in a
vapor deposition manufacturing process that produces fragile and relatively rigid films, that
compared o copper, demonstrate poor conductance. The vapor deposition manufacturing
process is expensive and cumbersome, making 1TO a decreasingly popular option in the
manufacture of touch screen devices. Finally, in addition to the limitation of the TG

glement, elecirode patlermns in touch sensors using 1TO may only be printed at certain
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dimensions or resclution, specifically only slectrode patiern structures with features above
25 microns in width are supported by conventional printing technologies.

{8814} The methods described herein may simplify and optimize the manufacturing process
of a touch sensor film or other high resolution conductive pattern such as an RF antenna
array. By the use of ink compositions that contain suspended metal nanoparticles and
nanowires for the printing of high resclution conductive patiernad lines, one curing step may
be reduced or sliminated from the conventional manufacturing process which may save
time and have related cost savings. In some embodiments, the conceniration by weight of
the metal nanoparticles and nanowires in the ink used in a flexographic process or other
process where lines under 25 microns wide are printed may be high enough o achieve
elecirical conductivity, hence, reducing or eliminaling some processing steps, such as, but
not limited, to curing or gleciroless plating. More specifically, the present disclosure relates
to reducing or eliminaling the use of palladium compounds within a UV curable ink
composition.  This reduction or slimination of the use of palladium compounds such as
palladium acetate may be employed to reduce the number of manufacturing steps and
increase manufacturing speed. While a manufacturing process that comprises mulliple
curing steps and plating for printed patterns may be appropriate for some applications, in
other situations it may be prudent from a safely, environmental, or cost perspective to
reduce the number of manufacturing steps required in the process and/or truncatle the fime
it takes o perform those steps such as curing and plating.

18815] Conventionally, to render the ITO laver unnecessary for components used in fouch
screen mobile devices, a roli-to-roll manufacturing method may be used. The subsirate may
be any material that may be used as a base on which to print integrated cdircuitries. The term
“fransparent” as used herein may refer o structures with less than 50um of width, preferably
from tum — 25um and in further instances less than about 10um of width that cannot be
easily detected by the naked eye at a distance of less than about 24 inches. The ferm may
also refer o a material with more than 50% light transmission efficiency.

{8016] As previcusly described, this roli-to-roll manufacturing method and configuration are
improvements over the conventional manufaciuring techniques of {TO films, particularly with
respect 1o cost. However, in order to further improve said method and enable a faster
manufacturing process, lower production cost, and higher volume visld, the present

disclosure describes modifications and improvements o the method and system for roli-to-
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roft manufacturing.  Inks used in the roli-io-roli handiing process may comprise palladium-
based components that act as a catalyst for plating. It is appreciated that the products
manufactured as disclosed herein are intended to be conduciive, and the intent is io
produce conductive patterns in the most reliable, efficient, safe, and cost-effective way
possible for the particular applicalion. In some cases, palladium may be expensive, short or
unreliable in supply, and may resull in the process having an extra curing step and/or using
a plating process {o achieve a desired conductivity of the patiern. The curing steps involved
in a process may depend upon the application because of the substrale and the printed
pattern itself, and both the time and intensity of a curing process thalt may comprise one or
more treatments can adversely affect the overall product gquality with respect o both the
substrate and the printed pattern. For example, if over-cured by oneg or more curing
treatments, the substrate may embritiie or become otherwise unsuitable for further
processing and/or the end application.  With respect {o the printed pattern, if the printed
pattern is over-exposed during curing, it may lose the catalytic properties needed for
subsequent plating. Palladium curing may be camied oul by deposition of palladium
containing materials. However, at the initial stage of deposition palladium precipifates in the
form of molecular domains, which are growing simultaneously in three direclions with non-
controllable growth; this may result in the formation of rough surfaces on the subsequent
stages of deposition. Accordingly, one or more aspects of presented herein include
reducing or eliminating the palladium content in ink through the use of an ink formulation
containing another calalyst or metal nanoparticles and nanowires. These changes in ink
composition may resull in reduced curing requirements and/or plaling requirements
depending upon the composition of the ink. Ink as used hersin may refer {o a combination
of monomers, oligomers or polymers, metal elements metal elements complexes or
organometaliics in liquid state that is discretely applied over a substrate surface. Further, as
used herein ink may refer to any material which may be deposited on a surface or substrate
as used in printing. Ink may refer to any state of a liquid, such as a mixture, suspension, or
colloid, without Hmilation.  In ceriain instance, ink may refer to solid or liquid aerosols
deposiled on a surface. As used herein, the term electroless plating may refer {o a catalyst
aclivated chemical technigue used to deposit a layer of conductive material on 10 a given
surface. The ink formulation disclosed herein may represent a reduction in material costs

by partially or totally reducing the amount of palladium acetate within the UV curable ink
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composition. In some embodiments, the elimination of cerlain steps in the microstructure
rofi~to-roll manufacturing method may permit high-speed, increased volume production of
high resclution conductive pattern by the means of an E-beam curing station that facilitales
improved curing time of the polymer element within the ink composition.

{83171 In an embodiment, an elongated, ransparent, flexibie, thin subsirate is placed on an
unwind roll in a roil-to-roll handling process. In some embodiments, an alignment method
may be used to establish and maintain the correct alignment between the flexible substrate
and the roll-to-roll process so that the microscopic patlerns are printed are correctly and
completely translated o the subsirate. In one example, an alignment method such as an
alignment guide or a positioning cable may be used o maintain the right alignment of the
substrate 1o the process in order to create the corract features. The thin, flexible substrate
may be transferred via a roli-to-roll handling method from an unwind roll o a corona
treatment station to remove small particles, oils, and crease on a first side of the subsirate.
The corona treatment siation may also be used to increase the surface energy and oblain
sufficient wetting and adhesion on the substraie. The corona treatment siation discharges
high frequency eleclric charges o the first surface of the subsirate which forms ends and
free valences. The free valences may then De able o form carbony! groups with the atoms
from the ozone created by the electric discharge, which gives the improved adhesion.
Generally, the more power/electrons, the shorter the chains and the more adhesions points
may iead to a higher surface energy. For a PET film as subsirate, the intensity level the
corona treatment station may range from about 1 Wimin/m? to about 50 Wimin/m?, while the
surface energy may range from about 20 Dynes/cm to about 85 Dynesfom. In some
embodiment, the subsirale may undergo a second cleaning siation that may comprise a
web cleaner. A web cleaner, as used herein, may refer to any device used in web
manufacturing o remove particles from a web or substrate. Subsequent {o cleaning, the
substrate may be printed on a first side at a printing station wherein a pattern comprising a
plurality of lines of the substrate using a flexo master plate and a UV curable ink. A master
plate which may also be referred to as a flexomaster or flexoplate comprises a predefined
pattern which comprises a plurality of lines that are {o be printed on a subsirate. An anilox
roll as used herein may refer to a cylinder used o provide a measured amount of ink o &
printing plate. Alternatively, the term may be used to refer to any roller with a recessed or

pattern on its surface used to transfer ink onio a flexoplate. Generally, as used herein the
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term “anilox roller” may be used along with the term "master plate” to refer to any metallic,
polymeric, or composile, generally cylindrical drum having recesses or dimples in iis
circumferential surface for flexographic printing. In that event, the anilox roller may comprise
a pattern or walls and wells forming recesses thatl are engraved into the roll. The engraved
anilox roll may then be used to fransfer ink during the printing process and the patlern is not
printed on the substrate itself.

[B318] Materials that may be used for the UY curable ink may include a combination of
acrylics, ursthane, polymers and crosslinkable polymers. The amount of ink fransferred
from the master plate to the subsirate may be regulated by a high precision metering
sysiem and depends on the speed of the process, ink composition and patierns shape and
dimension. The machine speed may vary according to the ink composilion, the required
curing time, the aliowed width tolerance for the high resolution lines, as well as cther
factors.

{8019] Conventionally, subsequent to printing the first paltern on the first side of the
subsiraie, the subsirate may be cured at a curing station by UV light wherein the UV light
source initiaies the polymerization of acrylic groups within the ink compaosition and activales
the plating calalyslt which conventionally may be palladium acelate. Curing as discussed
herein may refer {0 the process of drying, solidifyving or fixing any coating or ink imprint,
previously applied, on a substrate. Further, as used herein curing may refer to the act of
applying radiation to change at least one physical or chemical property of a material.
Furthermore, curing may refer {o the process of chemical or physical changes in a fluid such
as ink under irradiation. The term “plating calalyst” may refer {0 any substance that may
enable a chemical reaction in the plating process. In some compositions this substance may
be contained in the printing Ink. The curing speed of the acrylic element within the UY
curable ink composition may affect the uniformity of the high-resolution printed lines. That
is, curing of the acrylic element may occur in a very short period in order to avoid spreading
of the UV curable ink across the subsirate. The first UV light source may be a UVA or UVB
ultraviciet light source, preferably an industrial grade UVA or UVB light source as it is
desired to cure the acrylic element in a very short period of time, in the order of about 0.1
seconds o about 2.0 seconds. Although the aclivalion of the plating catalys! within the UV
curable ink composition may begin at the first UV curing station, the UV exposure time and

intensity may not be enough for the complete activation or reduction of the paliadium
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acetate element. A palladium acetate catalyst may exhibit a 2+ positive charge that is
reduced to O or neutral before plating. As a resull, in some embodiments, another curing
station may be ulilized after the first UV curing station. The flexible transparent substrale
comprising the printed microscopic pattern on the first side may pass through a second UV
curing station, whereby second UV light source may produce a redox chemical reaction that
iransfers two glectrons (2- ) to the palladium acetate element, reducing ils oxidation staie
from 2+ to 0 or neuiral. The intensity of the second UV light source may be set higher than
the first UV light source. In other configurations, the second UV curing station may be
substituied by a thermo-heating station that applies heal. In some embodiments, a post-
thermal treatment in oven may also be used to achieve the same sffect.

{0020} Afler the chemical reduction of the palladium acetate, the substraie with the printed
ricroscopic pattern disposed on the first side may be exposed 1o an electroless plaling bath
wherein a layer of conductive material is deposiled on the microscopic paftern.  This
glectroless plating process does not require the application of an elecirical current and i
only plates the patierned areas containing plating calalysis that were previously printed and
activated by the exposition to UV radiation during the curing process. The plating bath may
be copper and further comprise strong reducing agents in if, such as formaldehyds,
borohydride which cause the plating o occur. The plating thickness may be more uniform
as compared o slectroplating due to the absence of electric fields. Although electroless
piating may be more fime consuming than electroivtic plating, electroless plating may be
well suited for parts with complex geomelries and/or many fine Teatures. After the plating
step, plated slectrode patiern struciures that are conductive are formed on top of the first
side of the flexible transparent subsirale. In some embodiments, subssquent to plaling, the
subsiraie may be cleaned by water at room temperalure and dried by air.  Finally afler
cleaning and drying, the transparent and the flexible substrate with the plated electrode
patiern are iaken up by a wind-up roll.  In some cases, depending upon the cost
gnvironmental impact, equipment availability, volume, and product design, the process used
to form high resolution conductive patierns may not comprise all of the conventional steps
discussed above and may in fact be able {0 proceed with fewer steps or fruncated steps,
steps such as curing and plating. In some of these cases, it may be possible to accomplish
this modified processing path by choosing an ink formulation that requires less or no curing

and/or plating in order {0 become conductive.
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18021} Disclosed herein are multiple methods of forming metal nanoparticles and nanowires
within a UV curable ink composilion that may behave as plating seeds and may eliminale
the catalyst metal activation step. In some applications, depending upon cost, volume, and
available facilities, it may be desirable to eliminate or reduce one or more processing sieps
such as curing or plating in order o produce a conductive pallern or palterns on a
substrate. In that event, method may be used that may not require the use of a second UV
curing station or other thermal aclivation as may be seen in conventional processing.
Specifically, UV curable ink compositions may comprise a polymer liquid solution that may
be referred to as a binder. This binder may comprise suspended metal nanoparticles and
nanowires that are already reduced or in a neutral state, so there may not be a need for UV
or thermal activation in the manufacturing process. in some sembodiments, the
concentration by weight of the metal nanoparticles and nanowires within the ink composition
in each of the 3 methods may vary from about 0.2 wt. % {0 about 70 wi. %.

18422} In one embodiment, the concentration of palladium acetate within the UV curabie ink
used in the microstructure roli-io-roli manufacturing method may be reduced by a 1.1 ratio
{or 50%)} of Palladium-Copper (Pd-Cu) alloy. A microstructural pattern as used herein may
be any conductive or non-conductive material palterned, plated, deposiied or printed onio a
subsiraie surface. As used herein, each line of the plurality of lines of the pattermed
maierial has a width or lateral measurament in the plane of the subsirate surface of less
than about 1um - 50um. This method can reduce the palladium amount info half of the
original method. However, a curing siep and/or an electroless plating bath may stiil be part
of the process. In this example, pailadium-copper metal nanoparticles are prepared by
heating mixiures of palladium acetate and copper acstale hydrate in 2-ethoxyethano! io
reflux in the presence of polyvinvipyrrolidone (PVP) with a 40,000 molecular weight.
Heating is performed at about a temperature of approximately 135°C and for a period of
about 2 hours. In ong example preparation of a 50/50 Pd/Cu colloid, 30 mb of 2-
ethoxyethanol containing 75 mmol each of copper and palladium acetates and 1.66 g of
PVP is refluxed for a pericd of about 2 hours. The resulling dark brown solution was fillered
through a 0.2 um Teflon filter and stored under nitrogen. The resulling palladium-copper
metal nanoparticle size is about 4 nm.  In other embodiments, the nanoparticle size may
rangs from 3 nm ~ 200 nm.

18423] Silver nanoparticles can also be purchased from various commercial scurcas or the
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nanoparticles can be manufactured. In an embodiment where the nanoparticles are
synthesized, the UV curable ink used in the printing of a patltern with microscopic fealures
over the subsirate is composed of silver nanoparticles and nanowires suspended in liquid
polymer solution. In some smbodiments, the use of palladium acetate may be reduced 10 0
% within the UV curable ink composition. However, electroless plating bath may still be
used if the conceniration by weight of silver melal nanoparticles and nanowires within the
ink compaosition is not high enough o achieve electrical conductivity. In this embodiment, a
synthesis approach may be used for the preparation of silver (Ag) nanoparticles within a
polymer solution.  Specifically, two colloidal forms of silver nancparticles are prepared by
one-step synthetlic method using ethylene glycol and glucose as reducing agents. Uniform
sitver nanoparticles are obtained by reduction of silver nitrate (AgNQ;) within a temperature
range from  about B0°C 1o about 70°C  under atmospheric  pressure.
Polyvinyipyrrolidone(PVP) may be used as stabilizer during the synthesis. Ethylene glycol
sitver nanoparticies are synthesized by dissolving 157 mg of AgNQO; and 5g of PVP in 100
mi of 99.9% ethyleneg glycol. For the preparation of glucose silver nanoparticles, 157 mg of
AgNQ; and 5g of PVP are dissclved in 100 mi of 40% (wiw) of glucose syrup. In some
embodiments, {0 promote completion of the reachion and to ensure all the ionic silver has
heen converted to nanoparticles, 5 mi of sodium chioride (NaCl) are added to the samples.
Creation of turbidity in the reaction solution indicates the presence of ionic sitver while a
clear solution confirms completion of the reaction. The nanoparticle solution is stable after
three monihs checking the ultravicletvisible ("uv-vis™) spectrum. The resulling silver metal
nanoparticle size may range from about 10 nm {0 about 100 nm, with the highest population
of particles being approximately 50 nm in diameter.

18424} In an alternate embaodiment, the palladium acelate catalyst within the UV curable ink
used for the printing of a microscopic pattern over a subsirate may be substituted by copper
{Cu) nanoparticles and nanowires that may not require activation and curing therefore may
be a reduced part of the manufacturing process or absent from the manufacturing process.
As discussed above with respect io the silver nanoparticles, the use of copper metal
nanoparticles and nanowires may completely eliminate the need of palladium acetate within
the ink composition. However, an eleciroless plating bath may still be employed f the
concentration by weight of copper metal nanoparticles and nanowires within the ink

compaosition is not high enocugh to achieve electrical conductivity.  In an embodiment,



WO 2013/172939 PCT/US2013/030662
11

copper (Cu) metal nanoparticles may be formed by irradiation using a 253.7 nm light from a
low pressure Hg-arc lamp in the presence of a protective agent Polyvinyipyrrolidone (PVP).
Specifically, the de-aerated aqueous solution of copper sulphate (CuSO4) with a
concentration of 1x10™ molidm® containing PVP within a concentration by weight of 0.5%
and benzophenone (BP) with a concentration of 1x10™ mol/dm® was placed in a rectangular
quartz cuvette of 114 cm in size. The power intensity of the 253.7 nm UV light is about 200
W ousing low pressure Hg lamps (Rayonet Photochemical Reactor) at an ambient
temperature. The cell is placed in the reactor and a 4-4.5 mi solution is put in it for
photolysis. The role of a photo-sensitizer, BP, in the formation of copper metal particles was
studied. The copper metal nanoparticles are characterized by their absorption maxima and
transmission electron micrographs. The resulling copper metal nanoparticle size may range
from about 15 nm to about 100 nm.

[0025] FIG. 1 is an Hlustrgtion of g system for manufaciuring a high resclution conductive
pattern (HRCP) according {o an embodiment of the present disclosure. The speed of the
system depicted in FIG 1 may vary from 20 FPM {o 750 FPM, while 50 FPM to 200 FPM
may be preferable for most applications. 1t is appreciated that the plurality of nano-size
solids introduced to the ink may be described interchangeably as either nanoparticles or
nanowires and may be collectively referred to as nanc-catalysts. Nanoparicles are any
particles where all dimensions are between 1 nm — 200 nm; nanoparticles may be reguiarly
or irregularly sized. Nanowires are particles that have a diamster from 1 nm ~ 200 nm but
where there is no restriclion on the length of the wire. This special formulation of UV
curable ink containing meial nanoparticles and nanowires does nol require aclivation since
the metal nanopariicles and nanowires are already reduced or are in metal slale. The
subsirale 102 is loaded on an unwind roll 104 and, in some embodiments, an alignment
station 106 may be used to align the substrate 102, In general, materials that may be used
for the flexible transparent substrate include plastic films such as polyesiers, polyimides,
polycarbonates and polyacrylates. Specifically, suitable materials for the flexible
transparent substrate may include the DuPont/Teijin Melinex 454 and Dupont/Teijin Melinex
STH05, the iatter being a heat siabilized film specially designed for processes where heat
treatment is involved. In some embodiments, the subsirale may have a thickness belween 5
and 500 microns, with a preferred thickness between 100 microns and 200 microns. For high

definition applications, the surface of the flexible transparent subsirate film may be
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microscopically smooth, with a thickness ranging from 1 micron {o 1 millimeter.

{08026} The substrate 102 may undergo a web cleaning al a first cleaning station 108 and a
drying at drying siation 110 prior to printing at first printing station 114, However, the first
UV curing station 116 may be still used {o cure the acrylic monomer element and avoid
spraading of the UV curable ink across the substrate 102, In an embodiment, the UV-
curable ink may have a viscosity betwsen 200 ¢ps -15,000 cps. in some embodiments, the
UY curable ink may be composed of an acrvlic monomer or polymer element within &
concentration by weight of 20 {o 99% and which can be obtained from commercial providers
such as Sartomer, Radcuer, and Double Bond among others; a photo-initiator or thermo-
initiator element within a concentration by weight of 1 to 10% by weight supplied by Ciba
Geigy,; and a Palladium acetate slement within a concentration by weight ranging from 0.1
and 15%, with 3 o 5% being operating range. Certain crosslinkable mechanisms may not
use any photo-initiator or other activation agent. In one embodiment, {0 reduce the content
of palladium acetate in the ink, the formulation of UV curable ink is composed of metal
nanoparticles and nanowires suspended in a UV curable resin liquid solution that includes a
photo-initiator when it is necessary and monomer in liquid state. A patlern comprising a
plurality of lines may be printed at first printing station 114, Each ling of the plurality of lines
af the printed pattern may have a width betwesn 1 micron - 20 microns and a thickness
from 50 ~ 2000 nm. When first UV light source 118 from the first UV curing station 116
shines into the UV curable resin, the pholo-initiator absorbs the UV light and discomposes,
generating free radicals that react with the monomer elemeni, and consequently triggering
the polymerization that solidifies the UV curable ink. Preferably, the first UV light source
has a wavelengih from about 280 nm to about 480 nm, with a target inlensity ranging from
about 0.5 mWicr® to about 50 mW/em?® If a thermal cure is used instead of or in addition
to the UV cure at first UV curing station 116, the cure may be performed within a
temperature range of about 20° C to about 85°C for metal catalyst activation

{80271 After polymerization, the solidified UV curable ink containing metal nanoparticles and
nanowires may be ready for plating without the need for further activation. The rest of the
process steps before and afler curing may proceed as discussed above, including
eleciroless plating bath at plating station 124 since the conceniration of metal elecirical
conductivity. At plating station 124, the conductive malerial is produced from certain metal

ions in a liguid state al a temperature range betwsen about 20°C and about 80°C,
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alternatively 40°C to 50°C. The deposition rate may be 10-150 nanometers per minute and
within a thickness of about 0.001 microns to about 100 microns, depending on the speed of
the web and according to the specifications of the applications. Subsequent to plating, the
plated pattern 126 on the substrate 102 may be cleaned at another cleaning station 128 by
water at room temperature and dried at block 132 by air al a flow rale of about 20 feel per
minute and at room or elevated temperature before being wound/disposed on o a winding
roll 130. In some embodimenis of the conventional process, a passivation step at room
temperature between 20°C and 30°C in a patlern spray may be added after the drying
station 132 io prevent any undesired chemical reaction belween copper and waler or
DXygen.

{0028} Figure 2 is an illustration of an alternate system for manufacturing a high resolution
conductive pattern (HRCP) according o an embodiment of the present disclosure. In FIG.
2, all processing steps of a system 200 may be the same a3 used in the system 100 in FIG
1, except curing. The configuration depicted in FIG. 2 may be used with ink compositions
containing metal nanoparticles and nanowires, for example, silver and copper nanoparticles
respectively, whereas the configuration depicted in FIG. 1 may be used for ink compositions
that contain a palladium catalyst.  The system 200 comprises an unwind roll 104, a
subsirate 102, an alignment station 108, a cleaning station 108, a drying station 110, and a
master plate 114 that may operale in the same way as discussed with respect to FIG 1.
The e-beam curing at e-beam curing station 302 may be performed as discussed below
prior 1o plating at a plating station 124 to form a plated patiern 126, as discussed above in
FiG 1. Subsequent to plaling, the plated paltern 126 on the substrate 102 may be cleaned
at another cleaning station 128 by waler at room temperalure and dried at block 132 by air
at a flow rate of aboul 20 feet per minute and al room or elevated temperature before being
wound/disposed on {0 a winding rolt 130.

[8029] Referring to FIG 2, microscopic pattern 112 is imprinted by the master plate 114 over
the transpareni flexible substrate 102 using an ink composition that contains any of the
metal nanoparticles and nanowires. The e-beam curable ink used at e-beam curing siation
302 does nol require a photo-initigtor, bul rather uses the component of the ink comprising
acrylic monomer Hguid solution containing silver (Ag) or copper (Cu) metal nanoparticles
and nanowires. At the e-beam curing station 302, an eleclron discharge is applied that

reacts with the acrylic monomer in the ink, forming free radicals that trigger the
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polymerization of the e-beam curable ink, solidifying the printed microscopic pattern 112 in
whole or in parl. The electron discharge applied at e-beam curing station 302 does not
affect the silver {Ag) or copper (Cu) metlal nanoparticles and nanowires suspended in the
acrylic monomer solution because siiver (Ag) or copper (Cu} metal nanoparticles and
nanowires described above already exhibit a2 reduced or metal stale and cannot gain any
slectrons. The e-beam doses applied at curing station 302 to the prinied microscopic
pattern 112 may range from about 0.5 MRads to about 5 MRads for a very short period of
time of about 0.01 seconds o about 2 seconds. The curing speed using the e-beam curing
station 302 is significantly faster than the first UV curing station 116, 500 FPM compared io
200 FPM respectively.  As a result of faster curing, the manufacturing speed of
microstructure roll-to-roll manufacturing method 100 depicted in FIG 2 may alsc be
significantly faster than the configuration of the microstructure roll-to-roll manufacturing
method 100 shown in FIG 3.

{803¢]  In an embodiment, for example, using the methods shown in FIG. 1 and FIG 2, an
ink that may comprise siiver or copper metal nanoparticles and nanowires within a weight
concentration from about 50% fo about 70% is used in the printing process at printing
station 114, The use of silver or copper mefal nanoparticles and nanowires within an
increased weight concentration above 50% may further oplimize the methods described in
FiG 1 and FIG. 2 by reducing or eliminating the need of electroless plating bath 124. Inone
example, a microscopic pattern 112 is printed on flexible transparent substrate 102 using an
ink composition containing silver or copper metal nanoparticles and nanowires within a
concentration above 50% may be exhibit enough slectrical conductivity and may not require
slectroless plating bath 124. The resistivity of the microscopic patiern 112 that was printed
using an ink with a concentration of silver or copper melal nanopariicles and nanowires
above 50% may vary from about 0.0015 micro ohms o up {o 10 kilo-chms, depending on
the ink composition and processing.

{8031] An alternative synthesis approach may be used for the preparation of silver (Ag)
nanoparticles and nanowires within an acrylic sclution as described above. In this example,
a plurality of silver melal nanoparticles and nanowires are prepared by photo reduction of
sitver nitraie (AgNG;) with 254 nm UV light in the presence of PVP. The PVP concentration
may affect the particle size, an affect thal may be observed by reviewing the uv-vis

absorption peak, as well as the rate of the photo-reduction process. In an embodiment, the
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average silver metal nanoparticle or nanowire size may range from about 1 nm — 200 nm,
and the corresponding uv-vis absorption peak position may be from 404-418 nm in 0.25
wi % -~ 1.0 wt.% of PVP Ht is appreciated that a high boiling point of sclvent may lead o
smaller particle size. The rate of the photo reduction process may increase with the PVP
concentration.  As may be observed by X-ray photosleciron spectroscopic studies, the
polymer inferacts with silver metal nanoparticles and nanowires through the oxygen atom in
the >C=0 group.

{83321 In another embodiment, ancther synthesis approach may be used for the preparation
of silver (Ag) nanoparticles and nanowiras within an acrylic solution as described above. In
this procedure, the silver metal nanoparticles and nanowires are prepared by dissolving 2.5
x 10-6 mol PVP and 3.0 x 10-4 mol AgNG; in 4 mi ethanol or ethoxyethanol in a 50 mi
Pyrex flask io oblain a homogeneous reaction mixture. in this embodiment, this may be
achieved by refluxing in anhydrous ethoxyethanol at 130°C in the presence of PVP.

{8033} Turning fo Figure 3, FIG. 3 is a flow chart of a method of manufacturing a high
resolution conductive pattern according to an embodiment of the presemnt disclosure. Al
biock 402, an ink is formed comprising a plurality of palladium-copper, silver, or copper
nanowires or nanoparticles. 1t is appreciated that the ink formed at block 402 may be
formed prior fo the roli-to-roll manufaciuring process that begins at block 404 where the
subsiraie is cleaned and then dried at block 406, At block 408a, a first patiern is printed on
the substrate and atl block 408b a second patiern may be printed on the substrate. While
not pictured in FIGS. 1 and 2, the printing station 114 may comprise a plurality of printing
rollers and flexomasters used o print a patiern on each side of the substrate, or fwo
patterns on a single side of the substrale which are laler assembled. In ancther
embodiment, the printing station 114 may print patterns on two different substrates wherein
those substrates are later assembled. The pattern(s) printed at biocks 408a and 408b may
be printed using an ink comprising a plurality of nanoparticles in a flexographic printing
process., Each line of the plurality of lines that comprise the first and/or second patterns is
less than 25 microns wide, and may range from 1-25 microns wide. As discussed above,
depending on the nanoparticle content (wt. %) of the ink, the patiern may be conductive as-
prinied. At block 410, if a conductive paltern or patierns are formed by printing, the
substrate may then be passivated at block 412.

{8034} In an embodiment, if at block 410 a conductive pattern is not formed, the pattern may
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be cured at block 414 by ullraviclet light or e-beam. in an emboediment, the curing at block
414 is a single cure, wherein additional curing sleps are not used to achieve the desired
conductivity of the paltern or patierns printed at blocks 408a and 408b. This embodiment
may be referred to as a single curing, and is in contrast {0 a mulli-curing process that may
be used if the first curing at block 414 does not sufficiently cure the pattern or patierns
formed at blocks 408a and/or 408b. This process may comprise subsequent curing at
biocks 414 or other processing as appropriate. I at block 418 a conductive pattern is not
formed after curing, the patlern may be plated al block 420 and may be subsequently
passivated at block 412. If af block 418 the paitern is conductive after curing, the paliem
may be passivaied at block 412. As discussed above, the conductivity of the pattern at
varicus stages in the process may depend in part on the type of ink used, the content (wi.
%) of the nanopariicies in the ink, the dimensions of the patiern, and the desired
conductivity and/or end application.

{6035] While exemplary embodiments of the invention have been shown and described,
modifications thereof can be made by one skilled in the art without departing from the spirit
and feachings of the invention. The embodiments described and the examples provided
herein are exemplary only, and are not infended to be limiting. Many variations and
modifications of the examples disclosed herein are possible and are within the scope of the
invention. Accordingly, the scope of protection is not imited by the description setf cut abovs,
but is only limited by the claims which Tollow, that scope including all equivalents of the

subject matier of the claims.
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CLAIMS

What is claimed;

1.

03

A method of forming a conductive paltern by flexegraphic printing using nano-

catalyst ink comprising:

cleaning a substrate;

printing a pattern using an ink on a first side of the subsirale, wherein the patiern
comprises at least one line, wherein the line is 1-25 microns wide, and
wherein the ink comprises a binder and a plurality of nanc-calalysis
comprising at least one of a plurality of nanoparticles and a plurality of
nanowires, wherein the plurality of nano-catalysts formed are one of
paliadium-copper nano-catalysts, silver nano-catalysis, or copper nano-
catalysts, and wherein the ink comprises al least 50wt % nano-catalysts; and

curing the first pattern,

The method of claim 1, further comprising plating the first pattern by disposing &
conductive material on the pattern, wherein the conductive material is one of copper
{Cu), silver (Ag), nickel (Ni}, tin (Sn}, zinc {In}, or gold (Au).

The method of claim 1, wherein each nanoparticle of the plurality of nanopariicles
are from 3 nm — 200 nm in diameter, and wherein each nanowire of the plurality of

nanowires are from 1 nm - 200 nm in width.

The method of claim 2, further comprising, prior 1o plating the first pattern, printing a

second paltern on a sscond side of the substrale opposite of the first pattern.

The method of claim 4, wherein the second patiern is one of a plurality of loops or a
second plurality of lines, and the method further comprises plating the second
pattern concurrently with plating the first pattern.
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8. The method of claim 1, wherein curing uses at least one of ultraviolet or e-beam

CUing.

7. The method of claim 1, wherein, subsequent to curing, the firsi pattern is conductive,

wherein the curing is a single curing.
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8. A method of forming a conductive paitern by flexographic printing using nano-

8.

catalyst ink comprising:
cleaning a substrate;

printing a pattern using an ink on a first side of the subslrate, wherein the patlern

comprises at least one line, wherein the line is 1-25 microns wids, and
wherein the ink comprises a binder and a plurality of nano-catalysts, wherein
the plurality of nano-catalysis formed are at least one of elhylene glycol sitver
nanc-catalysts or glucose silver nano-catalysts, and wherein the ink

comprises at least 50 wt % nano-catalysts; and

plating the patiermn.

The method of claim 8, further comprising plating the pattern by disposing &
conductive matsrial on the pattern, wherein the conductive material is one of coppsr
{Cu), silver (Ag), nickel (Ni), tin (8n), zinc {Zn), or gold {Au).

10. The method of claim 8, further comprising curing the patiern prior to plaling the

pattern, wherein curing comprises at least one of ultraviolet or e-beam curing.

11. The method of claim 10, wherein, subsequent io curing, the first patlemn is

conductive, wherein the curing is a single curing.

12. The method of claim 8, wherein the ink comprises 50 wt. % - 70 wi % nano-

catalysis.

13. The method of claim 8, wherein a resistivity of the printed pattern is 0.0015 micro-

chms - 10 kilo-ohms.

14. A method of forming a conductive pallemn by flexographic printing using nano-

catalysts ink comprising:

cleaning a substrate; and
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printing a patfern using an ink on a first side of the substrate, whersin the pattern
comprises at least one line, wherein the line is 1-25 microns wids, and
wherein the ink comprises a binder and a plurality of nano-catalysts, wherein
the plurality of nano-catalysis formed are at least one of ethylene glycol
copper nano-catalysis or glucose copper nanc-catalysts, and wherein the ink

comprises at least 50 wi % nano-catalysts.

15. The method of claim 14, further comprising curing the patiemn wherein, subsequent

o curing, the first pattern is conductive, wherein the curing is a single curing.

16. The method of claim 14, whersin the ink comprises 50 wt. % - 70 wi. % nano-

catalysts.
17. The method of claim 14, wherein a resistivity of the printed pattern 8.0015 micro-
ohms - 10 kilo-ohms.

18. The method of claim 14, further comprising plating the patiern.

18. The method of claim 18, whersin plating the pattern comprises disposing a
conductive material on the paitern, wherein the conductive malerial is one of copper
{Cuy), silver {Ag), nickel (N}, tin (8n), zinc {(Zn), or gold (Au).

20. The method of claim 18, further comprising, prior 1o plating the pattern, curing the

pattern, wherein curing comprises al least one of ultraviolet or e-beam curing.
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