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(57) ABSTRACT 

A metal nanoparticle composition for the fabrication of 
conductive features. The metal nanoparticle composition 
advantageously has a loW viscosity permitting deposition of 
the composition by direct-Write tools. The metal nanopar 
ticle composition advantageously also has a loW conversion 
temperature, permitting its deposition and conversion to an 

(21) App1_ NO; 11/331,211 electrical feature on polymeric substrates. 

Parameter Value 

Spectra head Spectra head A X dp? (prim me) 500 (19'? mm) 
1 pixel wide Line 3 pixel wide Line B Y dP' (Pm me) 508 (go-0 d/mm) 
Single pass print Multilple pass print 0 drop volume [head specific) 44.3 pl 

1 40 D ink volume per unit area (AxBxC) 1 .7410 per cm2 
'u‘m E Ag loading in ink (vol%) 2.2% 

E F Ag volume per unit area (DxE) 3810'6 cm3 per cm? 
81 G layer thickness (DxE, assuming 100% density) 0.38 pm 

H sheet resistivity (assuming dense Ag] 43 m 0/ [l 

I measured sheet resistivity (100 C cure on photo-paper) 181 m 0/ II] 
50 ,um J correction tactor (H/l) 4.2 
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METAL NANOPARTICLE COMPOSITIONS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t of Us. Provi 
sional Application Serial Nos. 60/643,577; 60/643,629; and 
60/643,378, all ?led on Jan. 14, 2005, the entireties of Which 
are all incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates to metal nanoparticle 
compositions that are useful for the production of electri 
cally conductive features. The compositions may advanta 
geously be deposited on a variety of substrates and pro 
cessed into electrically conductive features at loW 
temperatures. The compositions can also have a viscosity 
Which alloWs the deposition of the compositions using 
direct-Write tools, such as ink-jet devices. 

[0004] 2. Discussion of Background Information 

[0005] The electronics, display and energy industries rely 
on the formation of coatings and patterns of conductive 
materials to form circuits on organic and inorganic sub 
strates. The primary methods for generating these patterns 
are screen printing for features larger than about 100 um and 
thin ?lm and etching methods for features smaller than about 
100 um. Other subtractive methods to attain ?ne feature 
siZes include the use of photo-pattemable pastes and laser 
trimming. 
[0006] One consideration With respect to patterning of 
conductors is cost. Non-vacuum, additive methods generally 
entail loWer costs than vacuum and subtractive approaches. 
Some of these printing approaches utiliZe high viscosity 
?oWable liquids. Screen-printing, for example, uses ?oW 
able mediums With viscosities of thousands of centipoise. At 
the other extreme, loW viscosity compositions can be depos 
ited by methods such as ink-jet printing. HoWever, loW 
viscosity compositions are not as Well developed as the high 
viscosity compositions. 
[0007] Ink-jet printing of conductors has been explored, 
but the approaches to date have been inadequate for pro 
ducing Well-de?ned features With good electrical properties, 
particularly at relatively loW temperatures. 

[0008] There exists a need for compositions for the fab 
rication of conductive features for use in electronics, dis 
plays, and other applications. Further, there is a need for 
compositions that have loW processing temperatures to 
alloW deposition onto organic substrates and subsequent 
thermal treatment. It Would also be advantageous if the 
compositions could be deposited With a ?ne feature siZe, 
such as not greater than about 100 um, While still providing 
electronic features With adequate electrical and mechanical 
properties. 
[0009] An advantageous metal nanoparticle composition 
and its associated deposition technique for the fabrication of 
electrically conductive features Would combine a number of 
attributes. The conductive feature Would have high conduc 
tivity, preferably close to that of the pure bulk metal. The 
processing temperature Would be loW enough to alloW 
formation of conductors on a variety of organic substrates 
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(polymers). The deposition technique Would alloW deposi 
tion onto surfaces that are non-planar (e.g., not ?at). The 
conductor Would also have good adhesion to the substrate. 
The composition Would desirably be inkjet printable, alloW 
ing the introduction of cost-effective material deposition for 
production of devices such as ?at panel displays (PDP, 
AMLCD, OLED). The composition Would desirably also be 
?exo, gravure, or offset printable, again enabling loWer cost 
and higher yield production processes as compared to screen 
printing. 

[0010] Further, there is a need for electronic circuit ele 
ments and complete electronic circuits fabricated on inex 
pensive, thin and/or ?exible substrates, such as paper, using 
high volume printing techniques such as reel-to-reel print 
ing. Recent developments in organic thin ?lm transistor 
(TFT) technology and organic light emitting device (OLED) 
technology have accelerated the need for complimentary 
circuit elements that can be Written directly onto loW cost 
substrates. Such elements include conductive interconnects, 
electrodes, conductive contacts and via ?lls. 

SUMMARY OF THE INVENTION 

[0011] The present invention is directed to metal nanopar 
ticle compositions that can be deposited onto a substrate 
using, for example, direct-Write methods such as ink-jet 
deposition. The metal nanoparticle compositions preferably 
exhibit a loW processing (curing) temperature, thereby per 
mitting the formation of electrically conductive features on 
a variety of substrates, including organic substrates. The 
metal nanoparticle compositions can be deposited onto a 
substrate and processed by heating and/ or irradiation to form 
features With good electrical and/or mechanical properties. 

[0012] In particular, the present invention provides a com 
position Which is suitable for the fabrication of an electri 
cally conductive feature by using a direct-Write tool. The 
composition comprises metal nanoparticles Which carry 
thereon a substance that is capable of substantially prevent 
ing an agglomeration of the nanoparticles (hereafter referred 
to as “anti-agglomeration substance”) and a vehicle that is 
capable of forming a dispersion With the metal nanopar 
ticles. 

[0013] The present invention also provides a composition 
for the fabrication of a conductive feature by ink-j et printing, 
Which composition comprises at least about 5 Weight percent 
of metal nanoparticles Which carry thereon an organic sub 
stance that is capable of substantially preventing an agglom 
eration of the nanoparticles, and a vehicle that comprises a 
mixture of organic solvents. The composition has a surface 
tension at 200 C. of from about 20 dynes/cm to about 40 
dynes/cm and a viscosity at 200 C. of from about 5 cP to 
about 15 cP. 

[0014] The present invention also provides a composition 
for providing a substrate With a metal structure (e.g., a 
discrete feature, a metal layer, etc.). The composition com 
prises at least about 10 Weight percent of substantially 
non-agglomerated metal nanoparticles Which have adsorbed 
thereon a polymer, and a vehicle Which comprises an organic 
solvent that is capable of dissolving the polymer. The 
composition has a surface tension at 200 C. of not higher 
than about 60 dynes/cm and a viscosity at 200 C. of not 
higher than about 30 cP. 
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[0015] The present invention further provides a composi 
tion for ink-j et printing, Which composition comprises metal 
nanoparticles and is capable of being deposited on a sub 
strate by ink-jet printing of the composition in not more than 
tWo passes (e.g., a single pass) of an ink-jet printing head as 
a line that can be rendered electrically conductive. 

[0016] The present invention also provides a printed 
metallic feature Which comprises a metal and a vinyl pyr 
rolidone polymer in a Weight ratio of from about 100:1 to 
about 5:1. 

[0017] Further, the present invention provides a substrate 
Which has a metal structure thereon. The metal structure 
comprises. voids that are at least partially ?lled With an 
organic polymer, e.g., a vinyl pyrrolidone polymer. 

[0018] The present invention also provides a method for 
the fabrication of a conductive feature on a substrate, Which 
method comprises forming the feature by applying a com 
position according to the present invention to the substrate 
and subjecting the feature to heat and/or radiation and/or 
pressure to render the feature electrically conductive. 

[0019] The present invention also provides a method for 
the fabrication of a conductive feature on a substrate. The 
method comprises 

[0020] (a) depositing on the substrate a composition 
comprising (i) metal nanoparticles Which carry thereon 
a substance that is capable of substantially preventing 
an agglomeration of the nanoparticles and (ii) a liquid 
vehicle that comprises a solvent that is capable of 
dissolving the agglomeration-preventing substance; 
and 

convert1n t e e os1te com os1t1on to a 0021 b 'ghdp'd p" 
conductive feature by subjecting it to heat and/or 
pressure and/or radiation. 

[0022] The present invention also provides a further 
method for the fabrication of a conductive feature on a 
substrate. This method comprises 

[0023] (a) ink-jet printing on the substrate a composi 
tion comprising (i) at least about 10% by Weight of 
substantially non-agglomerated silver nanoparticles 
Which carry thereon a vinyl pyrrolidone polymer and 
(ii) a liquid vehicle; and 

[0024] (b) converting the printed composition to a con 
ductive feature by subjecting the composition to heat 
and/or pressure and/ or radiation. 

[0025] The present invention also provides the use of a 
composition for the fabrication of an electrically conductive 
feature, Wherein the composition comprises (a) metal nano 
particles Which carry thereon a substance that is capable of 
substantially preventing an agglomeration of the nanopar 
ticles and (b) a vehicle that is capable of forming a disper 
sion With the metal nanoparticles, the composition being 
suitable for the fabrication of an electrically conductive 
feature by using a direct-Write tool. 

[0026] The present invention also provides a security 
feature Which comprises a metal and is both semi-transpar 
ent and re?ective in the visible light range. In one embodi 
ment, the security feature is ink-jet printed and may addi 
tionally be luminescent. In another embodiment, When the 
security feature is ink-jet printed, the feature is made by a 
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process Which comprises ink-jet printing a composition 
Which comprises substantially non-agglomerated metal 
nanoparticles on a substrate. 

[0027] The present inventiton also provides an optically 
variable security feature, Wherein the security feature com 
prises a metal and is ink-j et printed. In one embodiment, the 
feature is made by a process Which comprises ink-jet print 
ing a composition Which comprises substantially non-ag 
glomerated metal nanoparticles on a substrate. 

[0028] The present invention also provides a security 
feature Which comprises a metal pattern, Wherein the metal 
pattern is made by a process Which comprises ink-jet print 
ing. In one embodiment, the metal pattern is made by a 
process Which comprises ink-jet printing a composition 
Which comprises substantially non-agglomerated metal 
nanoparticles on a substrate. 

[0029] The present invention also provides an ink, com 
prising: liquid vehicle; and metallic nanoparticles in an 
amount greater than about 40 Weight percent, based on the 
total Weight of the ink. 

[0030] The present invention also provides a process for 
making an ink-j et printable ink for the fabrication of electric 
and electronic devices. The process comprises combining 
metal nanoparticles Which carry thereon an anti-agglomera 
tion substance With at a liquid vehicle to form a dispersion 
having a nanoparticle concentration of at least about 5% by 
Weight and a surface tension at 20° C. of from about 20 
dynes/cm to about 60 dynes/cm and a viscosity at 20° C. of 
from about 3 cl’ to about 15 cP. 

[0031] The metal nanoparticle compositions of the present 
invention can, for example, be utiliZed to form complex, 
high precision circuitry having good electrical properties. 
For example, the compositions and methods of the present 
invention can be utiliZed to form conductive features on a 

substrate, Wherein the features have a feature siZe (i.e., 
average Width of the smallest dimension) of not greater than 
about 200 micrometers (um), e.g., not greater than about 150 
um, not greater than about 100 um, not greater than about 75 
um, not greater than about 50 pm, or not greater than about 
25 pm. 

[0032] The electrically conductive features formed 
according to the present invention can have good electrical 
properties. By Way of non-limiting example, they may have 
a resistivity that is not greater than about 30 times the 
resistivity of the pure bulk metal, e.g., not greater than about 
20 times, not greater than about 10 times, not greater than 
about 5 times, or not greater than about 3 times the resistivity 
of the pure bulk metal. 

[0033] The method for forming the electronic features 
according to the present invention can also involve a rela 
tively loW processing temperature (i.e., the minimum tem 
perature that is required to impart electrical conductivity to 
a deposited composition). In one aspect, the processing 
temperature may be not greater than about 250° C., e.g., not 
greater than about 225° C., not greater than about 200° C., 
or not greater than about 185° C. In some aspects, the 
processing temperature may be not greater than about 150° 
C., e.g., not greater than about 125° C., or not greater than 
about 100° C. 
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BRIEF DESCRIPTION OF THE DRAWING 

[0034] The present invention Will be better understood in 
vieW of the following non-limiting FIGURE, Wherein: 

[0035] FIG. 1 illustrates continuous feature ink-jet print 
ing by adequate drop placement, taking into account ink 
drop volume and Wetting behavior on the substrate. 

DETAILED DESCRIPTION OF THE PRESENT 
INVENTION 

[0036] Nanoparticles 
[0037] The metal of the nanoparticles of the compositions 
of the present invention preferably is a metal Which exhibits 
a loW bulk resistivity such as, e.g., a bulk resistivity of less 
than about 15 micro-Q cm, e.g., less than about 10 micro-Q 
cm, or less than about 5 micro-Q cm. Non-limiting examples 
of metals for use in the present invention include transition 
metals as Well as main group metals such as, e.g., silver, 
gold, copper, nickel, cobalt, palladium, platinum, indium, 
tin, Zinc, titanium, chromium, tantalum, tungsten, iron, 
rhodium, iridium, ruthenium, osmium and lead. Non-limit 
ing examples of preferred metals for use in the present 
invention include silver, gold, copper, nickel, cobalt, 
rhodium, palladium and platinum. Silver, copper and nickel 
are particularly preferred metals for the purposes of the 
present invention. Silver is the most preferred metal. 

[0038] The compositions of the present invention also may 
comprise mixtures of tWo or more different metal nanopar 
ticles and/or may comprise nanoparticles Wherein tWo or 
more metals are present in a single nanoparticle, for 
example, in the form of an alloy or a mixture of these metals. 
Non-limiting examples of alloys include Ag/Ni, Ag/Cu, 
Pt/Cu, Ru/Pt, fr/Pt and Ag/Co. Also, the nanoparticles may 
have a core-shell structure made of tWo different metals such 
as, e.g., a core of silver and a shell of nickel (eg a silver 
core having a diameter of about 20 nm surrounded by an 
about 15 nm thick nickel shell). 

[0039] The composition of the present invention may 
comprise metallic nanoparticles in an amount greater than 
about 50 Weight percent, based on the total Weight of the 
composition. In another embodiment, the composition of the 
present invention may comprise metallic nanoparticles in an 
amount greater than about 60 Weight percent, based on the 
total Weight of the composition. In yet another embodiment, 
the composition of the present invention may comprise 
metallic nanoparticles in an amount greater than about 40 
Weight percent and less than about 90 Weight percent, based 
on the total Weight of the composition. In still another 
embodiment, the composition of the present invention may 
comprise metallic nanoparticles in an amount from about 50 
to about 80 Weight percent, based on the total Weight of the 
composition. 
[0040] The anti-agglomeration substance that is present on 
the metal nanoparticles of the present invention is used to 
prevent a substantial agglomeration of the nanoparticles. 
Due to their small siZe and the high surface energy associ 
ated thereWith, nanoparticles usually shoW a strong tendency 
to agglomerate and form larger secondary particles (agglom 
erates). The anti-agglomeration substance shields (e. g., steri 
cally and/or through charge effects) the nanoparticles from 
each other to at least some extent and thereby substantially 
prevents a direct contact betWeen individual nanoparticles. 
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The anti-agglomeration substance is preferably adsorbed on 
the surface of the metal nanoparticles. The term “adsorbed” 
as used herein includes any kind of interaction betWeen the 
anti-agglomeration substance and a nanoparticle surface 
(e.g., the metal atoms on the surface of a nanoparticle) that 
manifests itself in an at least (and preferably) Weak bond 
betWeen the anti-agglomeration substance and the surface of 
a nanoparticle. Preferably, the bond is a non-covalent bond, 
but still strong enough for the nanoparticle/anti-agglomera 
tion substance combination to Withstand a Washing opera 
tion With a solvent that is capable of dissolving the anti 
agglomeration substance. In other Words, merely Washing 
the metal nanoparticles With the solvent at room temperature 
Will preferably not remove more than a minor amount (e. g., 
less than about 10%, less than about 5%, or less than about 
1%) of the anti-agglomeration substance that is in intimate 
contact With (and (Weakly) bonded to) the nanoparticle 
surface. Of course, any anti-agglomeration substance that is 
not in intimate contact With a nanoparticle surface but 
merely accompanies the bulk of the nanoparticles (e. g., as an 
impurity/contaminant), i.e., Without any signi?cant interac 
tion thereWith, Will preferably be removable from the nano 
particles by Washing the latter With a solvent for the anti 
agglomeration substance. 

[0041] The anti-agglomeration substance does not have to 
be present as a continuous coating (shell) on the entire 
surface of a metal nanoparticle. Rather, in order to prevent 
a substantial agglomeration of the nanoparticles it Will often 
be su?icient for the anti-agglomeration substance to be 
present on only a part of the surface of a metal nanoparticle. 

[0042] While the anti-agglomeration substance Will usu 
ally be a single substance or at least comprise tWo or more 
substances of the same type, the present invention also 
contemplates the use of tWo or more different types of 
anti-agglomeration substances. For example, a mixture of 
tWo or more different loW molecular Weight compounds or 
a mixture of tWo or more different polymers may be used, as 
Well as a mixture of one or more loW molecular Weight 
compounds and one or more polymers. The term “anti 
agglomeration substance” as used herein includes all of 
these possibilities. 

[0043] A preferred and non-limiting example of an anti 
agglomeration substance for use in the present invention 
includes a substance that is capable of electronically inter 
acting With a metal atom of a nanoparticle. Usually, a 
substance that is capable of this type of interaction Will 
comprise one or more atoms (e.g., one or tWo atoms) With 
one or more free electron pairs such as, e.g., oxygen, 
nitrogen and sulfur. Particularly preferred anti-agglomera 
tion substances comprise one or tWo O and/or N atoms (per 
monomer unit in the case of a polymer). The atoms With a 
free electron pair Will usually be present in the substance in 
the form of a functional group such as, e.g., a hydroxy group, 
a carbonyl group, an ether group and an amino group, or as 
a constituent of a functional group that comprises one or 
more of these groups as a structural element thereof. Non 
limiting examples of functional groups include 4COOi, 
wicowi, %owicoi, %io%i, 
%ONRi, iNRiCOADi, iNR1%OiNR2i, 
%OiNR%Oi, iSOZiNRi and isozwi, 
Wherein R, R1 and R2 each independently represent hydro 
gen or an organic radical (e.g., an aliphatic or aromatic, 
unsubstituted or substituted radical comprising from about 1 
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to about 20 carbon atoms). Such functional groups may 
comprise the above (and other) structural elements as part of 
a cyclic structure (e.g., in the form of a cyclic ester, amide, 
anhydride, imide, carbonate, urethane, urea, and the like). 

[0044] The anti-agglomeration substance may be inor 
ganic or organic and may comprise a loW molecular Weight 
compound, preferably a loW molecular Weight organic com 
pound, e.g., a compound having a molecular Weight of not 
higher than about 500, more preferably not higher than about 
300, and/or may comprise an oligomeric or polymeric, 
preferably organic compound having a (Weight average) 
molecular Weight of at least about 1,000, for example, at 
least about 3,000, at least about 5,000, or at least about 
8,000, but preferably not higher than about 500,000, e.g., not 
higher than about 200,000, or not higher than about 100,000. 
By Way of non-limiting example, in the case of polyvi 
nylpyrrolidone, Which is a non-limiting example of a pre 
ferred anti-agglomeration substance for use in the present 
invention, the preferred Weight average molecular Weight is 
in the range of from about 3,000 to about 60,000 and a 
particularly preferred average molecular Weight is about 
10,000. 

[0045] In general, it is preferred for the anti-agglomeration 
substance to have a total of at least about 10 atoms per 
molecule Which are selected from C, N and O, e.g., at least 
about 20 such atoms or at least about 50 such atoms. More 
preferably, the anti-agglomeration substance has a total of at 
least about 100 C, N and O atoms per molecule, e.g., at least 
about 200, at least about 300, or at least about 400 C, N and 
O atoms per molecule. In the case of polymers these 
numbers refer to the average per polymer molecule. 

[0046] Non-limiting examples of the loW molecular 
Weight anti-agglomeration substance for use in the present 
invention include fatty acids, in particular, fatty acids having 
at least about 8 carbon atoms. Non-limiting examples of 
oligomers/polymers for use as the anti-agglomeration sub 
stance in the process of the present invention include homo 
and copolymers (including polymers such as, e.g., random 
copolymers, block copolymers and graft copolymers) Which 
comprise units of at least one monomer Which comprises 
one or more 0 atoms and/or one or more N atoms. A 

non-limiting class of preferred polymers for use as anti 
agglomeration substance in the present invention are poly 
mers that form a dative bond to the metal nanoparticle 
surface. Such a dative bond is advantageously Weak enough 
to break during heating after the nanoparticles have been 
applied to a substrate (e.g., by ink-jet printing). Thereby this 
dative bond Will enable the nanoparticles to neck and form 
a conductive netWork, Without the need to remove the 
polymer form the printed layer by combustion or volatiliZa 
tion. Another non-limiting class of preferred polymers for 
use in the present invention (Which overlaps With the former 
class of preferred polymers) is constituted by polymers 
Which comprise at least one monomer unit Which includes at 
least tWo atoms Which are selected from O and N atoms. 
Corresponding monomer units may, for example, comprise 
at least one hydroxyl group, carbonyl group, ether linkage 
and/ or amino group and/ or one or more structural elements 

of formula 4COOi, 4O4COiOi, iCO4O4COi, 
iCiO%i, iCONRi, iNR%OiOi, iNRli 
COiNR2i, %OiNR%Oi, iSOZiNRi and 
iSO24Oi, Wherein R, R1 and R2 each independently 
represent hydrogen or an organic radical (e. g., an aliphatic or 
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aromatic, unsubstituted or substituted radical comprising 
from about 1 to about 20 carbon atoms). 

[0047] Non-limiting examples of corresponding polymers 
include polymers Which comprise one or more units derived 
from the folloWing groups of monomers: 

[0048] (a) monoethylenically unsaturated carboxylic 
acids of from about 3 to about 8 carbon atoms and salts 
thereof. This group of monomers includes, for 
example, acrylic acid, methacrylic acid, dimethy 
lacrylic acid, ethacrylic acid, maleic acid, citraconic 
acid, methylenemalonic acid, allylacetic acid, vinylace 
tic acid, crotonic acid, fumaric acid, mesaconic acid 
and itaconic acid. The monomers of group (a) can be 
used either in the form of the free carboxylic acids or 
in partially or completely neutraliZed form. For the 
neutralization alkali metal bases, alkaline earth metal 
bases, ammonia or amines, e.g., sodium hydroxide, 
potassium hydroxide, sodium carbonate, potassium 
carbonate, sodium bicarbonate, magnesium oxide, cal 
cium hydroxide, calcium oxide, ammonia, triethy 
lamine, methanolamine, diethanolamine, triethanola 
mine, morpholine, diethylenetriamine or 
tetraethylenepentamine may, for example, be used; 

[0049] (b) the esters, amides, anhydrides and nitriles of 
the carboxylic acids stated under (a) such as, e.g., 
methyl acrylate, ethyl acrylate, methyl methacrylate, 
ethyl methacrylate, n-butyl acrylate, hydroxyethyl 
acrylate, 2- or 3-hydroxypropyl acrylate, 2- or 4-hy 
droxybutyl acrylate, hydroxyethyl methacrylate, 2- or 
3-hydroxypropyl methacrylate, hydroxyisobutyl acry 
late, hydroxyisobutyl methacrylate, monomethyl male 
ate, dimethyl maleate, monoethyl maleate, diethyl 
maleate, maleic anhydride, 2-ethylhexyl acrylate, 
2-ethylhexyl methacrylate, acrylamide, methacrylaa 
mide, N,N-dimethylacrylamide, N-tert-butylacryla 
mide, acrylonitrile, methacrylonitrile, 2-dimethylami 
noethyl acrylate, 2-dimethylaminoethyl methacrylate, 
2-diethylaminoethyl acrylate, 2-diethylaminoethyl 
methacrylate and the salts of the last-mentioned mono 
mers With carboxylic acids or mineral acids and the 
quatemiZed products; 

[0050] (c) acrylamidoglycolic acid, vinylsulfonic acid, 
allylsulfonic acid, methallylsulfonic acid, styrene 
sulfonic acid, 3-sulfopropyl acrylate, 3-sulfopropyl 
methacrylate and acrylamidomethylpropanesulfonic 
acid and monomers containing phosphonic acid groups, 
such as, e.g., vinyl phosphate, allyl phosphate and 
acrylamidomethylpropanephosphonic acid; and esters, 
amides and anhydrides of these acids; 

[0051] (d) N-vinyllactams such as, e.g., N-vinylpyrroli 
done, N-vinyl-2-piperidone and N-vinylcaprolactam; 

[0052] (e) vinyl acetal, vinyl butyral, vinyl alcohol and 
ethers and esters thereof (such as, e.g., vinyl acetate, 
vinyl propionate and methylvinylether), allyl alcohol 
and ethers and esters thereof, N-vinylimidaZole, N-vi 
nyl-2-methylimidaZoline, and the hydroxystyrenes. 

[0053] Corresponding polymers may also contain addi 
tional monomer units, for example, units derived from 
monomers Without functional group, halogenated mono 
mers, aromatic monomers etc. Non-limiting examples of 
such monomers include ole?ns such as, e.g., ethylene, 
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propylene, the butenes, pentenes, hexenes, octenes, decenes 
and dodecenes, styrene, vinyl chloride, vinylidene chloride, 
tetra?uoroethylene, etc. Further, the polymers for use as 
adsorptive substance in the process of the present invention 
are not limited to addition polymers, but also comprise other 
types of polymers, for example, condensation polymers such 
as, e.g., polyesters, polyamides, polyurethanes and poly 
ethers, as Well as polysaccharides such as, e.g., starch, 
cellulose and derivatives thereof, etc. 

[0054] Other non-limiting examples of polymers Which 
are suitable for use as anti-agglomeration substance in the 
present invention are disclosed in e.g., U.S. Patent Appli 
cation Publication 2004/0182533 Al, the entire disclosure 
Whereof is expressly incorporated by reference herein. 

[0055] Preferred polymers for use as anti-agglomeration 
substance in the present invention include those Which 
comprise units derived from one or more N-vinylcarboxa 
mides of formula (I) 

CHZICHiNR34COiR4 (I) 
Wherein R3 and R4 each independently represent hydrogen, 
optionally substituted alkyl (including cycloalkyl) or option 
ally substituted aryl (including alkaryl and aralkyl) or het 
eroaryl (e.g., C6_2O aryl such as phenyl, benZyl, tolyl and 
phenethyl, and C4_2O heteroaryl such as pyrrolyl, furyl, 
thienyl and pyridinyl). 

[0056] R3 and R4 may, e. g., independently represent 
hydrogen or Cl_l2 alkyl, particularly Cl_6 alkyl such as 
methyl and ethyl. R3 and R4 together may also form a 
straight or branched chain containing from about 2 to about 
8, preferably from about 3 to about 6, particularly preferably 
from about 3 to about 5 carbon atoms, Which chain links the 
N atom and the C atom to Which R3 and R4 are bound to form 
a ring Which preferably has about 4 to about 8 ring members. 
Optionally, one or more carbon atoms may be replaced by 
heteroatoms such as, e.g., oxygen, nitrogen or sulfur. Also 
optionally, the ring may contain a carbon-carbon double 
bond. 

[0057] Non-limiting speci?c examples of R3 and R4 are 
methyl, ethyl, isopropyl, n-propyl, n-butyl, isobutyl, sec 
butyl, tert-butyl, n-hexyl, n-heptyl, 2-ethylhexyl, n-octyl, 
n-decyl, n-undecyl, n-dodecyl, n-tetradecyl, n-hexadecyl, 
n-octadecyl and n-eicosyl. Non-limiting speci?c examples 
of R3 and R4 Which together form a chain are 1,2-ethylene, 
1,2-propylene, 1,3-propylene, 2- methyl-1,3-propylene, 
2-ethyl-1,3-propylene, 1,4-butylene, 1,5-pentylene, 2-me 
thyl- 1,5-pentylene, 1,6-hexylene and 3-oxa- 1,5-pentylene. 

[0058] Non-limiting speci?c examples of N-vinylcarboxa 
mides of formula (I) are N-vinylformamide, N-vinylaceta 
mide, N-vinylpropionamide, N-vinylbutyramide, N-vinyl 
isobutyramide, N-vinyl-2-ethylhexanamide, 
N-vinyldecanamide, N-vinyldodecanamide, N-vinylsteara 
mide, N-methyl-N-vinylformamide, N-methyl-N-vinylac 
etamide, N-methyl-N-vinylpropionamide, N-methyl-N-vi 
nylbutyramide, N-methyl-N-vinylisobutyramide, N-methyl 
N-vinyl-2-ethylhexanamide, N-methyl-N-vinyldecanamide, 
N-methyl-N-vinyldodecanamide, N-methyl-N-vinylsteara 
mide, N-ethyl-N-vinylformamide, N-ethyl-N-vinylaceta 
mide, N-ethyl-N-vinylpropionamide, N-ethyl-N-vinylbu 
tyramide, N-ethyl-N-vinylisobutyramide, N-ethyl-N-vinyl 
2-ethylhexanamide, N-ethyl-N-vinyldecanamide, N-ethyl 
N-vinyldodecanamide, N-ethyl-N-vinylstearamide, 
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N-isopropyl-N-vinylformamide, N-isopropyl-N-vinylaceta 
mide, N-isopropyl-N-vinylpropionamide, N-isopropyl-N 
vinylbutyramide, N-isopropyl-N-vinylisobutyramide, 
N-isopropyl-N-vinyl-2-ethylhexanamide, N-isopropyl-N 
vinyldecanamide, N-isopropyl-N-vinyldodecanamide, 
N-isopropyl-N-vinylstearamide, N-n-butyl-N-vinylforma 
mide, N-n-butyl-N-vinylacetamide, N-n-butyl-N-vinylpro 
pionamide, N-n-butyl-N-vinylbutyramide, N-n-butyl-N-vi 
nylisobutyramide, N-n-butyl-N-vinyl-2-ethylhexanamide, 
N-n-butyl-N-vinyldecanamide, N-n-butyl-N-vinyldode 
canamide, N-n-butyl-N-vinylstearamide, N-vinylpyrroli 
done, N-vinyl-2-piperidone and N-vinylcaprolactam. 
[0059] Particularly preferred polymers for use as anti 
agglomeration substance in the present invention include 
polymers Which comprise monomer units of one or more 
unsubstituted or substituted N-vinyllactams, preferably 
those having from about 4 to about 8 ring members such as, 
e.g., N-vinylcaprolactam, N-vinyl-2-piperidone and N-vi 
nylpyrrolidone. These polymers include homo- and copoly 
mers. In the case of copolymers (including, for example, 
random, block and graft copolymers), the N-vinyllactam 
(e.g., N-vinylpyrrolidone) units are preferably present in an 
amount of at least about 10 mole-%, e.g., at least about 30 
mole-%, at least about 50 mole-%, at least about 70 mole-%, 
at least about 80 mole-%, or at least about 90 mole-%. By 
Way of non-limiting example, the comonomers may com 
prise one or more of those mentioned in the preceding 
paragraphs, including monomers Without functional group 
(e.g., ethylene, propylene, styrene, etc.), halogenated mono 
mers, etc. 

[0060] If the vinyllactam (e.g., vinylpyrrolidone) mono 
mers (or at least a part thereof) carry one or more substitu 
ents on the heterocyclic ring, non-limiting examples of such 
substituents include alkyl groups (for example, alkyl groups 
having from 1 to about 12 carbon atoms, e.g., from 1 to 
about 6 carbon atoms such as, e.g., methyl, ethyl, propyl and 
butyl), alkoxy groups (for example, alkoxy groups having 
from 1 to about 12 carbon atoms, e.g., from 1 to about 6 
carbon atoms such as, e.g., methoxy, ethoxy, propoxy and 
butoxy), halogen atoms (e.g., F, Cl and Br), hydroxy, car 
boxy and amino groups (e.g., dialkylamino groups such as 
dimethylamino and diethylamino) and any combinations of 
these substituents. 

[0061] Non-limiting speci?c examples of vinyllactam 
polymers for use in the present invention include homo- and 
copolymers of vinylpyrrolidone Which are commercially 
available from, e.g., International Specialty Products 
(WWW.ispcorp.com). In particular, these polymers include 

[0062] (a) vinylpyrrolidone homopolymers such as, 
e.g., grades K-15 and K-30 With K-value ranges of 
from 13-19 and 26-35, respectively, corresponding to 
average molecular Weights (determined by GPC/ 
MALLS) of about 10,000 and about 67,000; 

[0063] (b) alkylated polyvinylpyrrolidones such as, e. g., 
those commercially available under the trade mark 
GANEX® Which are vinylpyrrolidone-alpha-ole?n 
copolymers that contain most of the alpha-ole?n (e.g., 
about 80% and more) grafted onto the pyrrolidone ring, 
mainly in the 3-position thereof; the alpha-ole?ns may 
comprise those having from about 4 to about 30 carbon 
atoms; the alpha-ole?n content of these copolymers 
may, for example, be from about 10% to about 80% by 
Weight; 



US 2006/0189113 A1 

[0064] (c) vinylpyrrolidone-vinylacetate copolymers 
such as, e.g., random copolymers produced by a free 
radical polymerization of the monomers in a molar 
ratio of from about 70/30 to about 30/70 and having 
Weight average molecular Weights of from about 
14,000 to about 58,000; 

[0065] (d) vinylpyrrolidone-dimethylaminoethyl 
methacrylate copolymers; 

[0066] (e) vinylpyrrolidone-methacrylamidopropyl tri 
methylammonium chloride copolymers such as, e.g., 
those commercially available under the trade mark 
GAFQUAT®; 

[0067] (f) vinylpyrrolidone-vinylcaprolactam-dimethy 
laminoethylmethacrylate terpolymers such as, e.g., 
those commercially available under the trade mark 
GAFFIX®; 

[0068] (g) vinylpyrrolidone-styrene copolymers such 
as, e.g., those commercially available under the trade 
mark POLECTRON®; a speci?c example thereof is a 
graft emulsion copolymer of about 70% vinylpyrroli 
done and about 30% styrene polymeriZed in the pres 
ence of an anionic surfactant; 

[0069] (h) vinylpyrrolidone-acrylic acid copolymers 
such as, e.g., those commercially available under the 
trade mark ACRYLIDONE® Which are produced in the 
molecular Weight range of from about 80,000 to about 
250,000. 

[0070] The Weight ratio of metal in the metal nanoparticles 
and anti-agglomeration substance(s) carried thereon can 
vary over a Wide range. The most advantageous ratio 
depends, inter alia, on factors such as the nature of the 
anti-agglomeration substance (polymer, loW molecular 
Weight substance, etc.) and the siZe of the metal cores of the 
nanoparticles (the smaller the siZe the higher the total 
surface area thereof and the higher the amount of anti 
agglomeration substance that Will desirably be present). 
Usually, the Weight ratio Will be not higher than about 100: 1, 
e.g., not higher than about 50:1, or not higher than about 
30: 1. On the other hand, the Weight ratio Will usually be not 
loWer than about 5:1, e.g., not loWer than about 10:1, not 
loWer than about 15:1, or not loWer than about 20:1. 

[0071] Metal nanoparticles suitable for use in the present 
invention can be produced by a number of methods. A 
non-limiting example of such a method, commonly knoWn 
as the polyol process, is disclosed in US. Pat. No. 4,539, 
041. Amodi?cation of this method is described in, e. g., P.-Y. 
Silvert et al., “Preparation of colloidal silver dispersions by 
the polyol process” Part liSynthesis and characterization, 
J. Mater. Chem., 1996, 6(4), 573-577; Part 2iMechanism 
ofparticle formation, J. Mater. Chem., 1997, 7(2), 293-299. 
The entire disclosures of these documents are expressly 
incorporated by reference herein. Brie?y, in the polyol 
process a metal compound is dissolved in, and reduced by a 
polyol such as, e.g., a glycol at elevated temperature to 
afford corresponding metal particles. In the modi?ed polyol 
process the reduction is carried out in the presence of a 
dissolved polymer, i.e., polyvinylpyrrolidone. 

[0072] A particularly preferred modi?cation of the polyol 
process for producing metal nanoparticles Which carry an 
anti-agglomeration substance such as polyvinylpyrrolidone 
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thereon is described in US. Provisional Application Serial 
Nos. 60/643,378 and 60/643,629 entitled “Production of 
Metal Nanoparticles,” and “Separation of Metal Nanopar 
ticles,” respectively, the entire disclosures of Which are 
expressly incorporated by reference herein. In a preferred 
aspect of this modi?ed process, a dissolved metal compound 
(e.g., a silver compound such as silver nitrate) is combined 
With and reduced by a polyol (e.g., ethylene glycol, propy 
lene glycol and the like) at an elevated temperature (e.g., at 
about 1200 C.) and in the presence of a heteroatom contain 
ing polymer (e.g., polyvinylpyrrolidone) Which serves as 
anti-agglomeration substance. 

[0073] According to a preferred aspect of the present 
invention, the metal nanoparticles exhibit a narroW particle 
siZe distribution. A narroW particle siZe distribution is par 
ticularly advantageous for direct-Write applications because 
it results in a reduced clogging of the ori?ce of a direct-Write 
device by large particles and provides the ability to form 
features having a ?ne line Width, high resolution and high 
packing density. 

[0074] The metal nanoparticles for use in the present 
invention preferably also shoW a high degree of uniformity 
in shape. Preferably, the metal nanoparticles for use in the 
compositions of the present invention are substantially 
spherical in shape. Spherical particles are particularly 
advantageous because they are able to disperse more readily 
in a liquid suspension and impart advantageous ?oW char 
acteristics to the metal nanoparticle composition, particu 
larly for deposition using an ink-jet device or similar tool. 
For a given level of solids loading, a loW viscosity metal 
nanoparticle composition having spherical particles Will 
have a loWer viscosity than a composition having non 
spherical particles, such as ?akes. Spherical particles are 
also less abrasive than jagged or plate-like particles, reduc 
ing the amount of abrasion and Wear on the deposition tool. 

[0075] In a preferred aspect of the present invention, at 
least about 90%, e.g., at least about 95%, or at least about 
99% of the metal nanoparticles comprised in the present 
compositions are substantially spherical in shape. In another 
preferred aspect, the metal nanoparticle compositions are 
substantially free of particles in the form of ?akes. 

[0076] In yet another preferred aspect, the particles are 
substantially free of micron-siZe particles, i.e., particles 
having a siZe of about 1 micron or above. Even more 
preferably, the nanoparticles may be substantially free of 
particles having a siZe (=largest dimension, e.g., diameter in 
the case of substantially spherical particles) of more than 
about 500 nm, e.g., of more than about 200 nm, or of more 
than about 100 nm. In this regard, it is to be understood that 
Whenever the siZe and/ or dimensions of the metal nanopar 
ticles are referred to herein and in the appended claims, this 
siZe and these dimensions refer to the nanoparticles Without 
anti-agglomeration substance thereon, i.e., the metal cores of 
the nanoparticles. Depending on the type and amount of 
anti-agglomeration substance, an entire nanoparticle, i.e., a 
nanoparticle Which has the anti-agglomeration substance 
thereon, may be signi?cantly larger than the metal core 
thereof. Also, the term “nanoparticle” as used herein and in 
the appended claims encompasses particles having a siZe/ 
largest dimension of the metal cores thereof of up to about 
900 nm, preferably of up to about 500 nm, more preferably 
up to about 200 nm, or up to about 100 nm. 
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[0077] By Way of non-limiting example, not more than 
about 5%, e. g., not more than about 2%, not more than about 
1%, or not more than about 0.5% of the metal nanoparticles 
may be particles Whose largest dimension (and/ or diameter) 
is larger than about 200 nm, e.g., larger than about 150 nm, 
or larger than about 100 nm. In a particularly preferred 
aspect, at least about 90%, e.g., at least about 95%, of the 
metal nanoparticles Will have a siZe of not larger than about 
80 nm and/or at least about 80% of the metal nanoparticles 
Will have a siZe of from about 20 nm to about 70 nm. For 
example, at least about 90%, e.g., at least about 95% of the 
nanoparticles may have a siZe of from about 30 nm to about 
50 nm. 

[0078] In another aspect, the metal nanoparticles may 
have an average particle siZe (number average) of at least 
about 10 nm, e.g., at least about 20 nm, or at least about 30 
nm, but preferably not higher than about 80 nm, e.g., not 
higher than about 70 nm, not higher than about 60 nm, or not 
higher than about 50 nm. For example, the metal nanopar 
ticles may have an average particle siZe in the range of from 
about 25 nm to about 75 nm. 

[0079] In yet another aspect of the present invention, at 
least about 80 volume percent, e. g., at least about 90 volume 
percent of the metal nanoparticles may be not larger than 
about 2 times, e.g., not larger than about 1.5 times the 
average particle siZe (volume average). 

[0080] As indicated above, nanoparticles may form 
agglomerates as a result of their relatively high surface 
energies, as compared to larger particles. Even in the pres 
ence of the anti-agglomeration substance the compositions 
of the present invention may contain a minor amount of 
agglomerates in the form of soft agglomerates, particularly 
after storage for extended periods of time. HoWever it is 
knoWn that such soft agglomerates may be dispersed easily 
by treatments such as exposure to ultrasound in a liquid 
medium, sieving, high shear mixing and 3-roll milling. 

[0081] The average particle siZes and particle siZe distri 
butions described herein may be measured by mixing 
samples of the poWders in a liquid medium and exposing the 
resultant suspension to ultrasound through either an ultra 
sonic bath or horn. The ultrasonic treatment supplies suffi 
cient energy to disperse the soft agglomerates into primary 
particles. The primary particle siZe and siZe distribution may 
then be measured by, e.g., SEM or TEM. Thus, the refer 
ences to particle siZe herein refer to the primary particle siZe, 
such as after lightly dispersing soft agglomerates of the 
particles. 

[0082] The nanoparticles that are useful in metal nanopar 
ticle compositions according to the present invention pref 
erably have a high degree of purity. For example, the 
particles (Without anti-agglomeration substance) may 
include not more than about 1 atomic percent impurities, 
e.g., not more than about 0.1 atomic percent impurities, 
preferably not more than about 0.01 atomic percent impu 
rities. Impurities are those materials that are not intended in 
the ?nal product (e.g., the conductive feature) and that 
adversely affect the properties of the ?nal product. For many 
electronic applications, the most critical impurities to avoid 
are Na, K, Cl, S and F. 

[0083] The metal nanoparticles carrying an anti-agglom 
eration substance thereon for use in to the present invention 
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may, of course, also be produced by processes Which are 
different from the (modi?ed) polyol process referred to 
above. By Way of non-limiting example, particles coated 
With an anti-agglomeration substance may be produced by a 
spray pyrolysis process. One or more coating precursors can 
vaporiZe and fuse to the hot nanoparticle surface and ther 
mally react resulting in the formation of a thin ?lm coating 
by chemical vapor deposition (CVD). Preferred coatings 
deposited by CVD include metal oxides. Further, the coating 
can be formed by physical vapor deposition (PVD) Wherein 
a coating material physically deposits on the surface of the 
particles. Preferred coatings deposited by PVD include 
organic materials. Alternatively, a gaseous coating precursor 
can react in the gas phase forming small particles, for 
example, less than about 5 nanometers in siZe, Which then 
diffuse to the larger metal nanoparticle surface and sinter 
onto the surface, thus forming a coating. This method is 
referred to as gas-to-particle conversion (GPC). Another 
possible surface coating method is surface conversion of the 
particles by reaction With a vapor phase reactant to convert 
the surface of the nanoparticles to a different material than 
that originally contained in the particles. 

[0084] In another aspect, the metal nanoparticles can be 
coated With an intrinsically conductive polymer (Which at 
the same time may serve as an anti-agglomeration sub 

stance), preventing agglomeration in the composition and 
providing a conductive patch after solidi?cation of the 
composition. 
[0085] Vehicle 
[0086] The vehicle for use in the compositions of the 
present invention is preferably a liquid Which is capable of 
stably dispersing the metal nanoparticles carrying the anti 
agglomeration substance thereon, e.g., are capable of afford 
ing a dispersion that can be kept at room temperature for 
several days or even one, tWo, three Weeks or months or 
even longer Without substantial agglomeration and/or set 
tling of the metal nanoparticles. To this end, it is preferred 
for the vehicle and/or individual components thereof to be 
compatible With the surface of the nanoparticles, e.g., to be 
capable of interacting (e.g., electronically and/or sterically 
and/or by hydrogen bonding and/or dipole-dipole interac 
tion, etc.) With the surface of the nanoparticles and in 
particular, With the anti-agglomeration substance. 
[0087] It is particularly preferred for the vehicle to be 
capable of dissolving the anti-agglomeration substance to at 
least some extent, for example, in an amount (at 200 C.) of 
at least about 5 g of anti-agglomeration substance per liter of 
vehicle, particularly in an amount of at least about 10 g of 
anti-agglomeration substance, e.g., at least about 15 g, or at 
least about 20 g per liter of vehicle, preferably in an amount 
of at least about 100 g, or at least about 200 g per liter of 
vehicle. In this regard, it is to be appreciated that these 
preferred solubility values are merely a measure of the 
compatibility betWeen the vehicle and the anti-agglomera 
tion substance. They are not to be construed as indication 
that in the compositions of the present invention the vehicle 
is intended to actually dissolve the anti-agglomeration sub 
stance and remove it from the surface of the nanoparticles. 
On the contrary, the vehicle Will usually not remove the 
anti-agglomeration substance from the surface of the nano 
particles to more than a minor extent, if at all. 

[0088] In vieW of the preferred interaction betWeen the 
vehicle and/or individual components thereof and the anti 
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agglomeration substance on the surface of the nanoparticles, 
the most advantageous vehicle and/or component thereof for 
a composition according to the present invention is largely 
a function of the nature of the anti-agglomeration substance. 
For example, an anti-agglomeration substance Which com 
prises one or more polar groups such as, e.g., a polymer like 
polyvinylpyrrolidone Will advantageously be combined With 
a vehicle Which comprises (or predominantly consists of) 
one or more polar components (solvents) such as, e.g., a 
protic solvent, Whereas an anti-agglomeration substance 
Which substantially lacks polar groups Will preferably be 
combined With a vehicle Which comprises, at least predomi 
nantly, aprotic, non-polar components. 

[0089] Particularly if the compositions of the present 
invention are intended for use in direct-Write applications 
such as, e.g., ink-jet printing, the vehicle is preferably 
selected to also satisfy the requirements imposed by the 
direct-Write method and tool such as, e.g., an ink-jet head, 
particularly in terms of viscosity and surface tension of the 
composition. These requirements are discussed in more 
detail further beloW. Another consideration in this regard is 
the compatibility of the nanoparticle composition With the 
substrate in terms of, e.g., Wetting behavior (contact angle 
With the substrate). 

[0090] In a preferred aspect, the vehicle of a composition 
according to the present invention may comprise a mixture 
of at least tWo solvents, preferably at least tWo organic 
solvents, e.g., a mixture of at least three organic solvents, or 
at least four organic solvents. The use of more than one 
solvent is preferred because it alloWs, inter alia, to adjust 
various properties of a composition simultaneously (e.g., 
viscosity, surface tension, contact angle With intended sub 
strate etc.) and to bring all of these properties as close to the 
optimum values as possible. 

[0091] The solvents comprised in the vehicle may be polar 
or non-polar or a mixture of both, mainly depending on the 
nature of the anti-agglomeration substance. The solvents 
should preferably be miscible With each other to a signi?cant 
extent. Non-limiting examples of solvents that are useful for 
the purposes of the present invention include alcohols, 
polyols, amines, amides, esters, acids, ketones, ethers, Water, 
saturated hydrocarbons, and unsaturated hydrocarbons. 

[0092] Particularly in the case of an anti-agglomeration 
substance Which comprises one or more heteroatoms Which 
are available for hydrogen bonding, ionic interactions, etc. 
(such as, e.g., O and N), it is advantageous for the vehicle 
of a composition according to the present invention to 
comprise one or more polar solvents and, in particular, protic 
solvents. For example, the vehicle may comprise a mixture 
of at least tWo protic solvents, or at least three protic 
solvents. Non-limiting examples of such protic solvents 
include alcohols (e.g., aliphatic and cycloaliphatic alcohols 
having from 1 to about 12 carbon atoms such as, e.g., 
methanol, ethanol, n-propanol, isopropanol, l-butanol, 
2-butanol, sek.-butanol, tert-butanol, the pentanols, the hex 
anols, the octanols, the decanols, the dodecanols, cyclopen 
tanol, cyclohexanol, and the like), polyols (e.g., alkanepoly 
ols having from 2 to about 12 carbon atoms and from 2 to 
about 4 hydroxy groups such as, e.g., ethylene glycol, 
propylene glycol, butylene glycol, 1,3-propanediol; 1,3 
butanediol, l,4-butanediol, 2-methyl-2,4-pentanediol, glyc 
erol, trimethylolpropane, pentaerythritol, and the like), poly 
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alkylene glycols (e.g., polyalkylene glycols comprising from 
about 2 to about 5 C2_4 alkylene glycol units such as, e.g., 
diethylene glycol, triethylene glycol, tetraethylene glycol, 
dipropylene gycol, tripropylene glycol and the like) and 
partial ethers and esters of polyols and polyalkylene glycols 
(e.g., mono(Cl_6 alkyl) ethers and monoesters of the polyols 
and polyalkylene glycols With C1_6 alkanecarboxylic acids, 
such as, e.g., ethylene glycol monomethyl ether, ethylene 
glycol monoethyl ether, ethylene glycol monopropyl ether, 
ethylene glycol monobutyl ether, diethylene glycol monom 
ethyl ether, diethylene glycol monoethyl ether, diethylene 
glycol monopropyl ether and diethylene glycol monobutyl 
ether (DEGBE), ethylene gycol monoacetate, diethylene 
glycol monoacetate, and the like). 

[0093] In one aspect of the composition of the present 
invention, the vehicle may comprise at least tWo solvents, 
e.g., at least three solvents, Which solvents are preferably 
selected from C2_4 alkanols, C2_4 alkanediols and glycerol. 
For example, the vehicle may comprise ethanol, ethylene 
glycol and glycerol such as, e.g., from about 35% to about 
45% by Weight of ethylene glycol, from about 30% to about 
40% by Weight of ethanol and from about 20% to about 30% 
by Weight of glycerol, based on the total Weight of the 
vehicle. In a preferred aspect, the vehicle may comprise 
about 40% by Weight of ethylene glycol, about 35% by 
Weight of ethanol and about 25% by Weight of glycerol. 

[0094] In another aspect of the composition of the present 
invention, the vehicle may comprise a C1_4 monoalkyl ether 
of a C2_4 alkanediol and/or of a polyalkylene glycol. 

[0095] In yet another aspect, the vehicle may comprise not 
more than about 5 Weight percent of Water, e.g., not more 
than about 2 Weight percent, or not more than about 1 Weight 
percent of Water, based on the total Weight of the vehicle. For 
example, the vehicle may be substantially anhydrous. 

[0096] Non-limiting further examples of organic solvents 
that may advantageously be used as the vehicle or a com 
ponent thereof, respectively, of the compositions of the 
present invention include N,N-dimethylformamide, N,N 
dimethylacetamide, ethanolamine, diethanolamine, trietha 
nolamine, trihydroxymethylaminomethane, 2-(isopropy 
lamino)-ethanol, 2-pyrrolidone, N-methylpyrrolidone, 
acetonitrile, the terpineols, ethylene diamine, benZyl alco 
hol, isodecanol, nitrobenZene and nitrotoluene. 

[0097] As discussed in more detail beloW, When selecting 
a solvent combination for the vehicle of the composition of 
the present invention, it is desirable to also take into account 
the requirements, if any, imposed by the deposition tool 
(e.g., in terms of viscosity and surface tension of the 
composition) and the surface characteristics (e.g., hydro 
philic or hydrophobic) of the intended substrate. In the case 
of preferred compositions of the present invention, particu 
larly those intended for ink-jet printing With a pieZo head, 
the preferred viscosity thereof (measured at 200 C.) is not 
loWer than about 5 cP, e.g., not loWer than about 8 cP, or not 
loWer than about 10 cP, and not higher than about 30 cP, e. g., 
not higher than about 20 cP, or not higher than about 15 cP. 
Preferably, the viscosity shoWs only small temperature 
dependence in the range of from about 200 C. to about 400 
C., e.g., a temperature dependence of not more than about 
0.4 cP/o C. It has surprisingly been found that in the case of 
preferred vehicles for use in the present invention the 
presence of metal nanoparticles does not signi?cantly 
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change the viscosity of the vehicle, at least at relatively loW 
loadings such as, e.g., up to about 20 Weight percent. This 
may in part be due to the usually large difference in density 
betWeen the vehicle and the nanoparticles Which manifests 
itself in a much loWer number of particles than the number 
of particles that the mere Weight percentage thereof Would 
suggest. 

[0098] Further, the above preferred compositions of the 
present invention exhibit preferred surface tensions (mea 
sured at 20° C.) of not loWer than about 20 dynes/cm, e.g., 
not loWer than about 25 dynes/cm, or not loWer than about 
30 dynes/cm, and not higher than about 40 dynes/cm, e.g., 
not higher than about 35 dynes/cm. 

[0099] In other embodiments, the composition of the 
present invention comprises Water. The composition of the 
present invention may comprise up to 50% by Weight of 
Water. In one embodiment, the composition of the present 
invention may comprise from about 30% to about 50% by 
Weight Water; from about 45% to about 48% by Weight 
Water; or from about 30% to about 48% by Weight Water. 

[0100] Optional Additives 

[0101] Additives may optionally be present in the metal 
nanoparticle compositions of the present invention. Non 
limiting examples of such additives Will be discussed beloW. 
If the compositions of the present invention are intended for 
use in the production of conductive materials it should be 
taken into account that additives Will in many cases have an 
adverse effect on the conductivity of the ?nal material, in 
particular, if they can be removed from the material only 
With dif?culty (e.g., by decomposition With the application 
of high temperatures) or not at all. Therefore it Will usually 
be desirable to keep the amount of conductivity-impairing 
additives at a minimum in these cases. Of course, if the 
composition of the present invention is intended for a 
non-electrical use (for example, if the composition is to be 
used for decorative purposes, graphic applications, mirror 
applications etc.), the selection of the types and amounts of 
additives Will not be in?uenced by considerations relating to 
conductivity. 

[0102] The metal nanoparticle compositions of the present 
invention may include an adhesion promoter for improving 
the adhesion of the metal (e.g., conductive feature) to the 
underlying substrate. It has been found that metal structures 
made from the compositions according to the present inven 
tion shoW a satisfactory to excellent adhesion to various 
substrates Without the presence of adhesion promoters. For 
example, in the case of preferred compositions such as those 
Which comprise metal nanoparticles and in particular, silver 
nanoparticles and polyvinylpyrrolidone as anti-agglomera 
tion substance it has been found that the anti-agglomeration 
substance itself may act as adhesion promoter, especially in 
the case of polymeric substrates. Further, the adhesive 
strength may be dependent, inter alia, on the processing 
temperature of the deposited composition. Particularly, even 
in the absence of separately added adhesion promoter the 
preferred compositions of the present invention have been 
found to exhibit very good adhesion to PR4 (glass ?bers 
impregnated With epoxy resin) substrates When processed 
(cured) in the temperature range of from about 100° C. to 
about 180° C., satisfactory to very good adhesion to Mylar® 
substrates in the temperature range of from about 100° C. to 
about 180° C., satisfactory adhesion to Kapton® substrates 
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at temperatures of about 200° C. and higher, and to glass 
substrates at temperatures of about 350° C. and higher. Good 
to excellent adhesion to ITO substrates has been observed at 
temperatures of about 350° C. and higher. 

[0103] Especially in the case of glass surfaces the adhe 
sion of silver nanoparticle compositions according to the 
present invention can be (signi?cantly) improved by the 
addition of an adhesion promoter. Non-limiting examples of 
adhesion promoters for use in the present invention (With 
silver and other metals Which Would bene?t from the use of 
an adhesion promoter) include metals as Well as metal 
compounds Which are oxides or can be converted to oxides 
by thermal decomposition, oxidation in an oxygen contain 
ing atmosphere, etc. Non-limiting examples of metals for the 
adhesion promoter include B, Si, Pb, Cu, Zn, Ni and Bi. 
Especially in the case of a glass substrate, a loW melting 
point glass is yet another example of a suitable adhesion 
promoter. A speci?c example of a preferred adhesion pro 
moter is bismuth nitrate (Which decomposes to form bismuth 
oxide at a temperature of about 260° C.). By Way of 
non-limiting example, an atomic ratio Ag:Bi in the range of 
from about 15:1 to about 7:1 may be particularly advanta 
geous. The addition of bismuth nitrate results in a consis 
tently good adhesion of deposited silver to glass surfaces 
over the entire tested temperature range of from about 100° 
C. to about 550° C. 

[0104] In the case of, e.g., nickel, on the other hand, the 
adhesion to glass substrates is good even Without the pres 
ence of an adhesion promoter. This may be due to the 
formation of nickel oxide during the thermal processing of 
a deposited nickel nanoparticle composition of the present 
invention. 

[0105] Of course, in addition to bismuth nitrate and the 
other adhesion promoters mentioned above, there is a vari 
ety of other adhesion promoters that can afford desirable 
results When added to the compositions of the present 
invention. The effectiveness of a given adhesion promoter 
Will usually depend, inter alia, on the metal of the nanopar 
ticle, the substrate, the processing temperature, etc. The 
adhesion promoter is preferable soluble in the vehicle of the 
composition of the present invention but may also be present 
in the form of, e.g., ultra?ne particles that are dispersed in 
the liquid vehicle. In other Words, adhesion promoters can 
be added to the ink in particulate form (e.g., in the case Ni 
in the form of nickel nanoparticles). Further non-limiting 
examples of adhesion promoters for use in the present 
invention are disclosed in, e.g., U.S. Pat. No. 5,750,194, the 
entire disclosure Whereof is incorporated by reference herein 
in its entirety. Furthermore, polymers such as, e,g., polyamic 
acid, acrylics and styrene acrylics can improve the adhesion 
of a metal to a polymer substrate, as can substances such as 
coupling agents, titanates and silanes. 

[0106] An adhesion promoter can also be added to the ink 
in the form of a chemical precursor to a metal such as, e.g., 
in the form of a metal salt (e.g., a carboxylate or nitrate), a 
metal alkoxide, etc. Adhesion promoters can also be applied 
to the substrate prior to printing of a nanoparticle ink, 
preferably by the same printing method but optionally also 
by an alternative method such as, e.g., spin coating or dip 
coating. 

[0107] It also is to be noted that, in certain cases the 
polymer Which serves the function of an anti-agglomeration 
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substance for the nanoparticles of, e.g., an ink, may also 
provide improved structural integrity on a variety of sub 
strates When curing is performed at relatively loW tempera 
tures (e.g., from about 75° C. to about 3500 C.). At such loW 
temperatures, the polymer (shell) Will not volatilize, but 
rather rearrange While allowing the metal cores of the 
particles to touch and sinter together. The polymer noW can 
serve the function of adhesion promoter betWeen the Ag 
particles and the substrate. In addition, it may also provide 
additional cohesive strength betWeen individual particles. 

[0108] The metal nanoparticle compositions of the present 
invention can also include rheology modi?ers. Non-limiting 
examples of rheology modi?ers that are suitable for use in 
the present invention include SOLTHIX 250 (Avecia Lim 
ited), SOLSPERSE 21000 (Avecia Limited), styrene allyl 
alcohol (SAA), ethyl cellulose, carboxy methylcellulose, 
nitrocellulose, polyalkylene carbonates, ethyl nitrocellulose, 
and the like. These additives can reduce spreading of a metal 
nanoparticle composition after deposition, as discussed in 
more detail beloW. 

[0109] The metal nanoparticle compositions of the present 
invention may include further additives such as, e.g., Wetting 
angle modi?ers, humectants, crystallization inhibitors and 
the like. Of particular interest are often crystallization inhibi 
tors as they prevent crystallization and the associated 
increase in surface roughness and ?lm uniformity during 
curing at elevated temperatures and/or over extended peri 
ods of time. However, it is preferred for the nanoparticle 
compositions of the present invention to be substantially free 
of metal precursor compounds such as those disclosed in, 
e.g., published US. Patent Application Nos. 2003/0148024 
Aland 2003/0180451 Al, the entire disclosures Whereof are 
expressly incorporated by reference herein. Also, composi 
tions in accordance With the present invention preferably do 
not comprise added binder, e.g., polymeric binder. In this 
regard it is to be noted that, in the case of polymeric 
anti-agglomeration substances such as, e.g., polyvinylpyr 
rolidone, the anti-agglomeration substance itself may serve 
as a binder, as explained in more detail beloW. 

[0110] It is preferred for the total loading of metal nano 
particles in the compositions of the present invention to be 
not higher than about 75% by Weight, such as from about 5% 
by Weight to about 60% by Weight, based on the total Weight 
of the composition. Loadings in excess of the preferred 
amounts can lead to undesirably high viscosities and/or 
undesirable ?oW characteristics. Of course, the maximum 
loading Which still affords useful results also depends on the 
density of the metal. In other Words, the higher the density 
of the metal of the nanoparticles, the higher Will be the 
acceptable and desirable loading in Weight percent. In pre 
ferred aspects of the compositions of the present invention, 
the nanoparticle loading is at least about 10% by Weight, 
e.g., at least about 15% by Weight, at least about 20% by 
Weight, or at least about 40% by Weight. Depending on the 
metal, the loading Will often not be higher than about 65% 
by Weight, e.g. not higher than about 60% by Weight. These 
percentages refer to the total Weight of the nanoparticles, 
i.e., including any anti-agglomeration substance carried 
(e.g., adsorbed) thereon. 

[0111] The metal nanoparticle compositions of the present 
invention can also include plasticizing agents. Without being 
bound by any particular theory, it is possible that plasticizing 
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agents cause the anti-agglomeration substance on the surface 
of the metal nanoparticles to at least partially expose the 
metal nanoparticle core. In one embodiment, the exposing 
occurs at room temperature. Examples of plasticizing agents 
that may be used in the present invention include, but are not 
limited to Water, phthalic esters (e.g., di-2-ethylhexyl phtha 
late, di-n-octyl phthalate, di-i-octyl phthalate, di-i-decyl 
phthalate, di-n-undecyl phthalate, and di-n-tridecyl phtha 
late), aromatic alkyl tricarboxylates (e.g., tri-2-ethylhexyl 
trimellitate), phosphate esters, aliphatic acid esters (e.g., 
dialkyl adipates like bis(1-butylpentyl) adipate and di-2 
ethyhexyl adipate), sebacates (e.g., di-2-ethyhexyl seba 
cate), azelates (e.g., di-2-ethyhexyl azelate), benzoates, 
butylates, epoxy aliphatic acid esters, glycolic acid esters, 
propionic acid esters, sulfonates, carboxylates, succinic acid 
esters, maleates, fumaric acid esters, phthalic acid esters, 
stearic acid esters, amines (e.g., butylamine), sugars (e.g., 
glucose and xylose), amino acids (e.g., lysine), aldehydes 
(e.g., hexanal), carbonates (e.g., ethylene carbonate), 
amides, ethers, alcohols (e.g., ethanol, ethylene glycol, 
polyethylene glycol, and glycerol), lactones, and expoxi 
dized oils (e.g., epoxidized linseed oil and epoxidized soya 
oil). 
[0112] The metal nanoparticle compositions of the present 
invention can also include surfactants. Without being bound 
by any particular theory, it is possible that surfactants also 
cause the anti-agglomeration substance on the surface of the 
metal nanoparticles to at least partially expose the metal 
nanoparticle core. Examples of surfactants that may be used 
in the present invention include, but are not limited to fatty 
acid esters, fatty amines, glycerol, and glycerol esters. 

[0113] Substrates 

[0114] Preferred metal nanoparticle compositions accord 
ing to the present invention can be deposited and converted 
to a conductive feature at loW temperatures, thereby 
enabling the use of a variety of substrates having a relatively 
loW softening (melting) or decomposition temperature. 

[0115] Non-limiting examples of substrates that are par 
ticularly advantageous according to the present invention 
include substrates comprising one or more of ?uorinated 
polymer, polyimide, epoxy resin (including glass-?lled 
epoxy resin), polycarbonate, polyester, polyethylene, 
polypropylene, polyvinyl chloride, ABS copolymer, syn 
thetic paper, ?exible ?berboard, non-Woven polymeric fab 
ric, cloth and other textiles. Other particularly advantageous 
substrates include cellulose-based materials such as Wood or 
paper, and metallic foil and glass (e.g., thin glass). The 
substrate may be coated. Although the compositions of the 
present invention can be used particularly advantageously 
for temperature-sensitive substrates, it is to be appreciated 
that other substrates such as, e.g., metallic and ceramic 
substrates can also be used in accordance With the present 
invention. 

[0116] Of particular interest for display applications are 
glass substrates and ITO coated glass substrates. Other glass 
coatings that the metal features may be printed on in ?at 
panel display applications include semiconductors such as 
ciSi on glass, amorphous Si on glass, poly-Si on glass, and 
organic conductors and semiconductors printed on glass. 
The glass may also be substituted With, e.g., a ?exible 
organic transparent substrate such as PET or PEN. The metal 
(e.g., Ag) may also be printed on top of a black layer or 
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coated With a black layer to improve the contrast of a display 
device. Other substrates of particular interest include printed 
circuit board substrates such as PR4, textiles including 
Woven and non-Woven textiles. 

[0117] Another substrate of particular interest is natural or 
synthetic paper, in particular, paper that has been coated With 
speci?c layers to enhance gloss and accelerate the in?ltra 
tion of ink solvent or ink vehicle. A preferred example of a 
glossy coating for ink-jet paper includes alumina nanopar 
ticles such as fumed alumina in a binder. Also, an Ag ink 
according to the present invention that is ink-jet printed on 
EPSON glossy photo paper and heated for about 30 min at 
about 100° C. is capable of exhibiting highly conductive Ag 
metal lines With a bulk conductivity in the 10 micro-Q cm 
range. 

[0118] According to a preferred aspect of the present 
invention, the substrate onto Which the metal nanoparticle 
composition is deposited may have a softening and/or 
decomposition temperature of not higher than about 225° C., 
e.g., not higher than about 200° C., not higher than about 
185° C., not higher than about 1500 C., or not higher than 
about 125° C. 

[0119] Deposition of Fine Features 

[0120] A dif?culty that may be encountered in the printing 
and processing of loW viscosity metal nanoparticle compo 
sitions is that the composition can Wet the surface and 
rapidly spread to increase the Width of the deposit, thereby 
negating the advantages of ?ne line printing. This is par 
ticularly true When ink-jet printing is employed to deposit 
?ne features such as interconnects, because ink-jet technol 
ogy puts relatively strict upper boundaries on the viscosity 
of the composition that can be employed. Nonetheless, 
ink-j et printing is a preferred loW-cost, large-area deposition 
technology that can be used to deposit the metal nanoparticle 
compositions of the present invention. It has surprisingly 
been found that the preferred compositions of the present 
invention and in particular, compositions comprising silver 
nanoparticles carrying thereon polyvinylpyrrolidone as anti 
agglomeration substance in a vehicle Which comprises a 
mixture of protic solvents such as, e.g., a mixture of ethylene 
glycol, ethanol and glycerol, can be deposited on a variety 
of substrates Without any signi?cant spreading, thereby 
enabling the production of very ?ne conductive features. 

[0121] According to a preferred aspect of the present 
invention, the metal nanoparticle compositions can be con 
?ned on the substrate, thereby enabling the formation of 
features having a small minimum feature siZe, the minimum 
feature siZe being the smallest dimension in the x-y axis, 
such as the Width of a conductive line. The preferred metal 
nanoparticle compositions of the present invention can be 
con?ned to regions having a Width of not greater than about 
200 um, preferably not greater than about 150 um, e.g., not 
greater than about 100 pm, or not greater than about 50 um, 
even Without the use of any anti-spreading additives and/or 
Without resorting to any measures such as those discussed 
beloW. 

[0122] In some cases it may, hoWever, be advantageous to 
add small amounts of rheology modi?ers such as styrene 
allyl alcohol (SAA) and other polymers to the metal nano 
particle composition to reduce spreading. Spreading can also 
be controlled by rapidly drying the compositions during 
printing by irradiating the composition during deposition. 
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[0123] Spreading can also be controlled by the addition of 
a loW decomposition temperature polymer in monomer 
form. The monomer can be polymerized during deposition 
by thermal or radiation (e. g., ultraviolet) means, providing a 
netWork structure to maintain line shape. The resultant 
polymer can then be either retained or removed during 
subsequent processing of the conductor. 

[0124] Another method comprises patterning an otherWise 
non-Wetting substrate With Wetting enhancement agents that 
control the spreading and also yield increased adhesion. By 
Way of non-limiting example, this may be achieved by 
functionaliZing the substrate surface With functional groups 
such as, e.g., hydroxide or carboxylate groups. 

[0125] The fabrication of features With feature Widths of 
not greater than about 100 um or features With a minimum 
feature siZe of not greater than about 100 pm from a loW 
viscosity composition may require the con?nement of the 
metal nanoparticle composition so that the composition does 
not spread over certain de?ned boundaries. Various methods 
can be used to con?ne the composition on a surface, 
including surface energy patterning by increasing or 
decreasing the hydrophobicity (surface energy) of the sur 
face in selected regions corresponding to Where it is desired 
to con?ne the metal nanoparticles or eliminate the metal 
nanoparticles. These methods can be classi?ed as physical 
barrier, electrostatic barrier, magnetic barrier, surface energy 
difference, and process related methods such as increasing 
the metal nanoparticle viscosity to reduce spreading, for 
example by freeZing or drying the composition very rapidly 
once it strikes the surface. 

[0126] In physical barrier approaches, a con?ning struc 
ture is formed that keeps the metal nanoparticle composition 
from spreading. These con?ning structures may be trenches 
and cavities of various shapes and depths beloW a ?at or 
curved surface Which con?ne the How of the metal nano 
particle composition. Such trenches can be formed by 
chemical etching or by photochemical means. The physical 
structure con?ning the metal nanoparticle composition can 
also be formed by mechanical means including embossing a 
pattern into a softened surface or means of mechanical 
milling, grinding or scratching features. Trenches can also 
be formed thermally, for example by locally melting a loW 
melting point coating such as a Wax coating. Alternatively, 
retaining barriers and patches can be deposited to con?ne the 
How of a composition Within a certain region. For example, 
a photoresist layer can be spin coated on a polymer sub 
strate. Photolithography can be used to form trenches and 
other patterns in the photoresist layer. These patterns can be 
used to retain metal nanoparticle composition that is depos 
ited onto these preformed patterns. After drying, the photo 
lithographic mask may or may not be removed With the 
appropriate solvents Without removing the deposited metal. 
Retaining barriers can also be deposited With direct-Write 
deposition approaches such as ink-jet printing or any other 
direct-Write approach, as disclosed herein. 

[0127] For example, a polymer trench can be ink-jet 
printed onto a ?at substrate by depositing tWo parallel lines 
With narroW parallel spacing. A metal nanoparticle compo 
sition of the present invention can be printed betWeen the 
tWo polymer lines to con?ne the composition. Another 
group of physical barriers include printed lines or features 
With a certain level of porosity that can retain a loW viscosity 
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composition by capillary forces. The con?nement layer may 
comprise particles applied by any of the techniques dis 
closed herein. The particles con?ne the metal nanoparticle 
composition that is deposited onto the particles to the spaces 
betWeen the particles because of Wetting of the particles by 
the metal nanoparticle composition. 

[0128] Surface energy patterning can be classi?ed by hoW 
the patterning is formed, namely by mechanical, thermal, 
chemical or photochemical means. In mechanical methods, 
the physical structure con?ning the metal nanoparticle com 
position is formed by mechanical means including emboss 
ing a pattern into a softened surface, milling features, or 
building up features to con?ne the composition. In thermal 
methods, heating of the substrate is used to change the 
surface energy of the surface, either across the entire surface 
or in selected locations, such as by using a laser or thermal 
print head. In chemical methods, the entire surface or 
portions of the surface are chemically modi?ed by reaction 
With some other species. In one aspect, the chemical reaction 
is driven by local laser heating With either a continuous Wave 
or pulsed laser. In photochemical methods, light from either 
a conventional source or from a laser is used to drive 

photochemical reactions that result in changes in surface 
energy. 

[0129] The methods of con?ning metal nanoparticle com 
positions disclosed herein can involve tWo steps in seriesi 
?rst the formation of a con?ning pattern, that may be a 
physical or chemical con?nement method, and second, the 
application of a metal nanoparticle composition to the 
desired con?nement areas. 

[0130] Offset printing or lithographic printing can be used 
to print high resolution patterns that correspond to at least 
tWo levels of surface energies. In one aspect, the printing is 
carried out on a hydrophobic surface and a hydrophilic 
material is printed. The regions Where no printing occurs 
correspond to hydrophobic material. A hydrophobic metal 
nanoparticle composition can then be printed onto the 
hydrophobic regions thereby con?ning the composition. 
Alternatively, a hydrophilic nanoparticle composition can be 
printed onto the hydrophilic electrostatically printed regions. 
The Width of the hydrophobic and hydrophilic regions may 
be not greater than about 100 um, e. g., not greater than about 
75 um, not greater than about 50 um, or not greater than 
about 25 um. 

[0131] The metal nanoparticle composition con?nement 
may be accomplished by applying a photoresist and then 
laser patterning the photoresist and removing portions of the 
photoresist. The con?nement may be accomplished by a 
polymeric resist that has been applied by another jetting 
technique or by any other technique resulting in a patterned 
polymer. In one aspect, the polymeric resist is hydrophobic 
and the substrate surface is hydrophilic. In that case, the 
metal nanoparticle composition utiliZed is hydrophilic 
resulting in con?nement of the composition in the portions 
of the substrate that are not covered by the polymeric resist. 

[0132] A laser can be used in various Ways to modify the 
surface energy of a substrate in a patterned manner. The laser 
can be used, for example, to remove hydroxyl groups 
through local heating. These regions are converted to more 
hydrophobic regions that can be used to con?ne a hydro 
phobic or hydrophilic metal nanoparticle composition. The 
laser may also be used to remove selectively a previously 
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applied surface layer formed by chemical reaction of the 
surface With a silanating agent. 

[0133] In one aspect, a surface is laser processed to 
increase the hydrophilicity in regions Where the laser strikes 
the surface. A polyimide substrate is coated With a thin layer 
of hydrophobic material, such as a ?uorinated polymer. A 
laser, such as a pulsed yttrium aluminum garnet (YAG), 
excimer or other ultraviolet (UV) or shorter Wavelength 
pulsed laser, can be used to remove the hydrophobic surface 
layer exposing the hydrophilic layer underneath. Translating 
(e.g., on an x-y axis) the laser alloWs patterns of hydrophilic 
material to be formed. Subsequent application of a hydro 
philic metal nanoparticle composition to the hydrophilic 
regions alloWs con?nement of the composition. Altema 
tively, a hydrophobic metal nanoparticle composition can be 
used and applied to the hydrophobic regions resulting in 
composition con?nement. 

[0134] In another aspect, a surface is laser processed to 
increase the hydrophobicity in regions Where the laser 
strikes the surface. A hydrophobic substrate such as a 
?uorinated polymer can be chemically modi?ed to form a 
hydrophilic layer on its surface. Suitable modifying chemi 
cals include solutions of sodium naphthalenide. Suitable 
substrates include polytetra?uoroethylene and other ?uori 
nated polymers. The dark hydrophilic material formed by 
exposing the polymer to the solution can be removed in 
selected regions by using a laser. Continuous Wave and 
pulsed lasers can be used. Hydrophilic metal nanoparticle 
compositions, for example aqueous based compositions, can 
be applied to the remaining dark material. Alternatively, 
hydrophobic metal nanoparticle compositions, such as those 
based on solutions in non-polar solvents, can be applied to 
the regions Where the dark material Was removed leaving the 
hydrophobic material underneath. Ceramic surfaces can be 
hydroxylated by heating in moist air or otherWise exposing 
the surface to moisture. The hydroxylated surfaces can be 
silanated to create a monolayer of hydrophobic molecules. 
The laser can be used to selectively remove the hydrophobic 
surface layer exposing the hydrophilic material underneath. 
A hydrophobic patterned layer can be formed directly by 
micro-contact printing using a stamp to apply a material that 
reacts With the surface to leave exposed a hydrophobic 
material such as, e.g., an aliphatic hydrocarbon chain. The 
metal nanoparticle composition can be applied directly to 
the hydrophilic regions or hydrophobic regions using a 
hydrophilic or hydrophobic metal nanoparticle composition, 
respectively. 

[0135] A surface With patterned regions of hydrophobic 
and hydrophilic regions can be formed by micro-contact 
printing. In this approach, a stamp is used to apply a reagent 
to selected regions of a surface. This reagent can form a 
self-assembled monolayer that provides a hydrophobic sur 
face. The regions betWeen the hydrophobic surface regions 
can be used to con?ne a hydrophilic metal nanoparticle 
composition. 

[0136] Metal nanoparticle composition modi?cation can 
also be employed to con?ne the composition on the sub 
strate. Such methods restrict spreading of the compositions 
by methods other than substrate modi?cation. A metal 
nanoparticle composition including a binder can be used for 
surface con?nement. By Way of non-limiting example, the 
binder can be chosen such that it is a solid at room 
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temperature, but is a liquid suitable for ink-jet deposition at 
higher temperatures. These compositions are suitable for 
deposition through, for example, a heated ink-jet head. 

[0137] Binders can also be used in the metal nanoparticle 
compositions of the present invention to provide mechanical 
cohesion and limit spreading of the composition after depo 
sition, especially in non-electric and non-electronic appli 
cations. By Way of non-limiting example, the binder may be 
a solid at room temperature. During ink-jet printing, the 
binder is heated and becomes ?oWable. In one aspect, the 
binder is a solid at room temperature, When heated to greater 
than about 50° C. the binder melts and ?oWs alloWing for 
ease of transfer and good Wetting of the substrate, then upon 
cooling to room temperature the binder becomes solid again 
maintaining the shape of the deposited pattern. The binder 
can also react in some instances. Preferred binders include 
Waxes, polymers such as, e.g., styrene allyl alcohols, poly 
alkylene carbonates and polyvinyl acetals, cellulose based 
materials, tetradecanol, trimethylolpropane and tetramethyl 
benZene. The preferred binders have good solubility in the 
vehicle used in the metal nanoparticle composition and 
should be processable in the melt form. For example, styrene 
allyl alcohol is soluble in dimethylacetamide, solid at room 
temperature and becomes ?uid-like upon heating to about 
80° C. 

[0138] The binder in many cases should depart out of the 
ink-jet printed feature or decompose cleanly during thermal 
processing, leaving little or no residuals after processing the 
metal nanoparticle composition. The departure or decom 
position can include vaporization, sublimation, unZipping, 
partial polymer chain breaking, combustion, or other chemi 
cal reactions induced by a reactant present on the substrate 
material, or deposited on top of the material. 

[0139] In a preferred aspect of the present invention, the 
anti-agglomeration substance Will also serve the function of 
a binder. A non-limiting example of such an anti-agglom 
eration substance/binder is a polymer such as polyvinylpyr 
rolidone. For example, upon heating the deposited nanopar 
ticle composition, the polymer may become mobile and 
form a polymeric matrix or the like in Which the metal 
nanoparticles are embedded. 

[0140] Other methods for controlling the spreading during 
printing of a loW viscosity metal nanoparticle composition 
according to the present invention include depositing a 
composition onto a cooled substrate, freeZing the composi 
tion as the droplets contact the substrate, removing at least 
the solvent Without melting the composition, and converting 
the remaining components of the composition to the desired 
structure or material. The melting point of the composition 
is preferably less than about 25° C. Preferred solvents 
include higher molecular Weight alcohols. It is preferred to 
cool the substrate to less than about 10° C. 

[0141] Yet another method for controlling the spreading 
during printing according to the present invention comprises 
the steps of depositing a metal nanoparticle composition 
onto a porous substrate, thereby limiting the spreading of the 
composition, and converting the composition to a desired 
structure, e.g., a conductive feature. In one aspect, the 
porosity in the substrate is created by laser patterning. The 
porosity can be limited to the very surface of the substrate. 

[0142] Yet another method for controlling the spreading of 
a loW viscosity metal nanoparticle composition according to 
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the present invention includes the steps of patterning the 
substrate to form regions With tWo distinct levels of porosity 
Where the porous regions form the pattern of a desired 
structure. The metal nanoparticle composition can then be 
deposited, such as by ink-jet printing, onto the regions 
de?ning the pattern thereby con?ning the metal nanoparticle 
composition to these regions, and converting the deposited 
metal nanoparticle composition to a desired structure, e.g., a 
conductive feature. Preferred substrates are polyimide, and 
epoxy laminates. In one aspect the patterning may be carried 
out With a laser. In another aspect the patterning may be 
carried out using photolithography. In another aspect, cap 
illary forces pull at least some portion of the composition 
into the porous substrate. 

[0143] Spreading of the metal nanoparticle composition is 
in?uenced by a number of factors. A drop of liquid placed 
onto a surface Will either spread or not depending on the 
surface tension of the liquid, the surface tension of the solid 
and the interfacial tension betWeen the solid and the liquid. 
If the contact angle is greater than 90 degrees, the liquid is 
considered non-Wetting and the liquid tends to bead or 
shrink aWay from the surface. For contact angles less than 90 
degrees, the liquid can spread on the surface. For the liquid 
to completely Wet, the contact angle must be Zero. For 
spreading to occur, the surface tension of the liquid must be 
loWer than the surface tension of the solid on Which it 
resides. 

[0144] In one aspect of the present invention, a metal 
nanoparticle composition may be applied, e.g., by ink-jet 
deposition, to an unpatterned substrate. Unpatterned refers 
to the fact that the surface energy (surface tension) of the 
substrate has not been intentionally patterned for the sole 
purpose of con?ning the composition. It is to be understood 
that variations in surface energy (used synonymously herein 
With surface tension) of the substrate associated With 
devices, interconnects, vias, resists and any other functional 
features may already be present. For substrates With surface 
tensions of less than about 30 dynes/ cm, a hydrophilic metal 
nanoparticle composition may be based on ethanol, glycerol, 
ethylene glycol, and other solvents or liquids having surface 
tensions of greater than about 30 dynes/cm, more preferably 
greater than about 40 dynes/cm and preferably greater than 
about 50 dynes/cm and even greater than about 60 dynes/cm. 
For substrates With surface tensions of less than about 40 
dynes/cm, the solvents should have surface tensions of 
greater than about 40 dynes/cm, preferably greater than 
about 50 dynes/cm and even more preferably greater than 
about 60 dynes/cm. For substrates With surface tensions of 
less than about 50 dynes/ cm, the surface tension of the metal 
nanoparticle composition should be greater than about 50 
dynes/ cm, preferably greater than about 60 dynes/ cm. Alter 
natively, the surface tension of the composition can for 
example be chosen to be at least about 5 dynes/cm, at least 
about 10 dynes/ cm, at least about 15 dynes/cm, at least about 
20 dynes/cm, or at least about 25 dynes/cm greater than that 
of the substrate. Continuous ink jet heads often require 
surface tensions of about 40 to about 50 dynes/cm. Bubble 
jet ink jet heads often require surface tensions of about 35 to 
about 45 dynes/cm. The previously described methods are 
particularly preferred for these types of deposition 
approaches. 

[0145] In another aspect, a metal nanoparticle composition 
may be applied, e.g., by ink-j et deposition, to an unpatterned 
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loW surface energy (hydrophobic) surface that has been 
surface modi?ed to provide a high surface energy (hydro 
philic). The surface energy can be increased by hydroxylat 
ing the surface by various means knoWn to those of skill in 
the art including exposing to oxidizing agents and Water, 
heating in moist air and the like. The surface tension of the 
metal nanoparticle composition can then, for example, be 
chosen to be at least about 5, at least about 10, at least about 
15, at least about 20, or at least about 25 dynes/cm loWer 
than that of the substrate. PieZo-jet ink jet heads operating 
With hot Wax often require surface tensions of about 25 to 
about 30 dynes/cm. PieZo-jet ink jet heads operating With 
UV curable inks often require surface tensions of about 25 
to about 30 dynes/cm. Bubble-jet ink jet heads operating 
With UV curable inks often require surface tensions of about 
20 to about 30 dynes/cm. Surface tensions of roughly about 
20 to about 30 dynes/cm are usually required for pieZo 
based ink jet heads using solvents. The previously described 
methods are particularly preferred for these types of appli 
cations. 

[0146] Most electronic substrates With practical applica 
tions have loW values of surface tension, in the range of from 
about 18 (polytetra?uoroethylene) to about 45 dynes/cm, 
often from about 20 to about 40 dynes/cm. In one approach 
of con?ning a metal nanoparticle composition to a narroW 
line or other shape, a hydrophilic pattern corresponding to 
the pattern of the desired conductor feature may be formed 
on the surface of a substrate through the methods discussed 
herein. A particularly preferred method uses a laser. For 
example, a laser can be used to remove a hydrophobic 
surface layer exposing a hydrophilic layer underneath. In 
one aspect, the hydrophilic material pattern on the surface 
has a surface energy that is at least about 5, at least about 10, 
at least about 15, at least about 20, at least about 25, or at 
least about 30 dynes/ cm greater than that of the surrounding 
substrate. In another aspect, the surface tension of the 
composition is chosen to be loWer than the surface tension 
of the hydrophilic region but higher than the surface tension 
of the hydrophobic region. The surface tension of the 
composition can, for example, be chosen to be at least about 
5, at least about 10, at least about 15, at least about 20 or at 
least about 25 dynes/cm smaller than that of the hydrophilic 
regions. The surface tension of the composition can be 
chosen to be about 5, about 10, about 15, about 20, or about 
25 dynes/ cm higher than that of the hydrophobic regions. In 
another approach, the surface energy of the composition is 
higher than the surface energy of both the hydrophobic and 
hydrophilic regions. The surface tension of the composition 
may, for example, be chosen to be at least about 5, at least 
about 10, at least about 15, at least about 20, or at least about 
25 dynes/ cm higher than that of the hydrophilic regions. The 
surface tension of the ink may, for example, be chosen to be 
at least about 5, at least about 10, at least about 15, at least 
about 20, or at least about 25 dynes/cm smaller than that of 
the hydrophilic regions. This approach is preferred for 
aqueous-based metal nanoparticle compositions and com 
positions With high surface tensions in general. Continuous 
ink jet heads often require surface tensions of from about 40 
to about 50 dynes/cm. Bubble-jet ink jet heads often require 
surface tensions of from about 35 to about 45 dynes/cm. The 
previously described methods are particularly preferred for 
these types of applications that can handle compositions 
With high surface tensions. 
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[0147] In another approach to con?ning a composition to 
a narroW feature, a hydrophilic surface, or a hydrophobic 
surface that is rendered hydrophilic by surface modi?cation, 
may be patterned With a hydrophobic pattern. In one aspect, 
the hydrophobic pattern may, for example, have a surface 
energy that is at least about 5, at least about 10, at least about 
15, at least about 20, at least about 25 or at least about 30 
dynes/cm smaller than that of the surrounding substrate. 
This can be done by removing a hydrophilic surface layer 
using a laser to expose a hydrophobic region underneath. A 
hydrophobic metal nanoparticle composition may be applied 
to the hydrophobic surface regions to con?ne the composi 
tion. In another aspect, the hydrophobic composition may, 
for example, have a surface energy that is at least about 5, 
at least about 10, at least about 15, at least about 20, at least 
about 25 or at least about 30 dynes/cm loWer than that of the 
surrounding substrate. In another aspect, the hydrophobic 
composition may, for example, have a surface energy that is 
at least about 5, at least about 10, at least about 15, at least 
about 20, at least about 25 or at least about 30 dynes/cm 
higher than that of the surrounding substrate. In another 
aspect, the hydrophobic metal nanoparticle composition 
may, for example, have a surface energy that is at least about 
5, at least about 10, at least about 15, at least about 20, at 
least about 25 or at least about 30 dynes/cm loWer than that 
of the hydrophobic surface pattern. In another aspect, the 
hydrophobic nanoparticle composition may, for example, 
have a surface energy that is at least about 5, at least about 
10, at least about 15, at least about 20, at least about 25 or 
at least about 30 dynes/cm higher than that of the hydro 
phobic surface pattern. In another aspect, the surface tension 
of the composition may be smaller than that of the hydro 
philic regions and greater than that of the hydrophobic 
regions. The hydrophilic surface may, for example, have a 
surface tension of greater than about 40, greater than about 
50 or greater than about 60 dynes/cm. When the hydropho 
bic surface has a surface energy of greater than about 40 
dynes/ cm, it is preferred to use a composition With a surface 
tension of less than about 40, even less than about 30 
dynes/ cm, or less than about 25 dynes/cm. When the hydro 
phobic surface has a surface energy of greater than about 50 
dynes/ cm, it is preferred to use a composition With a surface 
tension of less than about 50, preferably less than about 40, 
even less than about 30 dynes/cm, and more preferably less 
than about 25 dynes/cm. When the hydrophobic surface has 
a surface tension of greater than about 40 dynes/cm, it is 
preferred to use a composition With a surface tension of less 
than about 40, less than about 35, less than about 30 and 
even less than about 25 dynes/cm. 

[0148] For ink-jet heads and other deposition techniques 
that require surface tensions greater than about 30 dynes/ cm, 
a particularly preferred method for con?ning a metal nano 
particle composition to a surface involves increasing the 
hydrophilicity of the surface to provide a surface tension 
greater than about 40, greater than about 45 or greater than 
about 50 dynes/cm and then providing a hydrophobic sur 
face pattern With a surface tension that is loWer than that of 
the surrounding surface. For example, the surface tension of 
the pattern may be at least about 5, at least about 10, at least 
about 15, at least about 20 or at least about 25 dynes/cm 
higher than the surface tension of the surrounding substrate. 

[0149] Surfactants, i.e., molecules With hydrophobic tails 
corresponding to loWer surface tension and hydrophilic ends 
corresponding to higher surface tension may be used to 
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modify the compositions and substrates to achieve the 
required values of surface tensions and interfacial energies. 

[0150] For the purposes of this application, hydrophobic 
means a material that repels Water. Hydrophobic materials 
have loW surface tensions. They also do not have functional 
groups for forming hydrogen bonds With Water. 

[0151] Hydrophilic means a material that has an a?inity 
for Water. Hydrophilic surfaces are Wetted by Water. Hydro 
philic materials also have high values of surface tension. 
They can also form hydrogen bonds With Water. The surface 
tensions for different liquids are listed in Table 1 and the 
surface energies for different solids are listed in Table 2. 

TABLE 1 

Surface Tensions of Various Liquids 

Surface Tension 
Liquid Temp (0 C.) (dynes/cm) 

Water 20 72.75 
Acetalnide 85 39.3 
Acetone 20 23.7 
Acetonitrile 20 29.3 
n-Butanol 20 24.6 
Ethanol 20 24 
Hexane 20 18.4 
Isopropanol 20 22 
Glycerol 20 63.4 
Ethylene 20 47.7 
glycol 
Tolulene 20 29 

[0152] 

TABLE 2 

Surface Energies of Various Solids 

Surface Energy 
Material (dynes/cm) 

Glass 30 
PTFE 18 
Polyethylene 31 
Polyvinychloride 41 
Polyvinylidene 25 
?uoride 
Polypropylene 29 
Polystyrene 33 
Polyvinylchloride 39 
Polysulfone 41 
Polycarbonate 42 
Polyethylene 43 
terephthalate 
Polyacrylonitrile 44 
Cellulose 44 

[0153] Deposition of Metal Nanoparticle Compositions 

[0154] The metal nanoparticle compositions of the present 
invention can be deposited onto surfaces using a variety of 
tools such as, e.g., loW viscosity deposition tools. As used 
herein, a loW viscosity deposition tool is a device that 
deposits a liquid or liquid suspension onto a surface by 
ejecting the composition through an ori?ce toWard the 
surface Without the tool being in direct contact With the 
surface. The loW viscosity deposition tool is preferably 
controllable over an x-y grid, referred to herein as a direct 
Write deposition tool. A preferred direct-Write deposition 
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tool according to the present invention is an ink-jet device. 
Other examples of direct-Write deposition tools include 
aerosol jets and automated syringes, such as the MICRO 
PEN tool, available from Ohmcraft, Inc., of Honeoye Falls, 
N.Y. 

[0155] For use in an ink-jet, the viscosity of the metal 
nanoparticle composition of the present invention preferably 
is not greater than about 50 cP, e.g., in the range of from 
about 10 to about 40 cP. For use in an aerosol jet atomiZa 
tion, the viscosity is preferably not greater than about 20 cP. 
Automated syringes can use compositions having a higher 
viscosity, such as up to about 5000 cP. 

[0156] A preferred direct-Write deposition tool for the 
purposes of the present invention is an ink-jet device. Ink-jet 
devices operate by generating droplets of the composition 
and directing the droplets toWard a surface. The position of 
the ink-jet head is carefully controlled and can be highly 
automated so that discrete patterns of the composition can be 
applied to the surface. Ink-jet printers are capable of printing 
at a rate of about 1000 drops per jet per second or higher and 
can print linear features With good resolution at a rate of 
about 10 cm/sec or more, up to about 1000 cm/sec. Each 
drop generated by the ink-jet head includes approximately 
25 to about 100 picoliters of the composition, Which is 
delivered to the surface. For these and other reasons, ink-jet 
devices are a highly desirable means for depositing materials 
onto a surface. 

[0157] Typically, an ink-jet device includes an ink-j et head 
With one or more ori?ces having a diameter of not greater 
than about 100 um, such as from about 50 pm to about 75 
um. Droplets are generated and are directed through the 
ori?ce toWard the surface being printed. Ink-jet printers 
typically utiliZe a pieZoelectric driven system to generate the 
droplets, although other variations are also used. Ink-jet 
devices are described in more detail in, for example, US. 
Pat. Nos. 4,627,875 and 5,329,293, the disclosures Whereof 
are incorporated by reference herein in their entireties. 

[0158] It is also expedient to simultaneously control the 
surface tension and the viscosity of the metal nanoparticle 
composition to enable the use of industrial ink-jet devices. 
Preferably the surface tension is from about 10 to about 50 
dynes/cm, such as from about 20 to about 40 dynes/cm, 
While the viscosity is maintained at a value of not greater 
than about 50 centipoise. 

[0159] According to one aspect, the solids loading of 
particles in the metal nanoparticle composition is preferably 
as high as possible Without adversely affecting the viscosity 
or other desired properties of the composition. As set forth 
above, a metal nanoparticle composition according to the 
present invention preferably has a particle loading of not 
higher than about 75 Weight percent, e.g., from about 5 to 
about 50 Weight percent. 

[0160] The metal nanoparticle compositions of the present 
invention Which are intended for use in an ink-jet device 
may also include surfactants to maintain the particles in 
suspension. Co-solvents, also knoWn as humectants, can be 
used to prevent the metal nanoparticle composition from 
crusting and clogging the ori?ce of the ink-jet head. Bio 
cides can also be added to prevent bacterial groWth over 
time. Non-limiting examples of corresponding ink-jet liquid 
vehicle compositions are disclosed in, e.g., US. Pat. Nos. 
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5,853,470; 5,679,724; 5,725,647; 4,877,451; 5,837,045 and 
5,837,041, the entire disclosures whereof are incorporated 
by reference herein. The selection of such additives is based 
upon the desired properties of the composition, as is knoWn 
to those skilled in the art. As set forth above, if the 
composition is intended for the fabrication of electrically 
conductive features, care should be taken that the additives 
of the composition do not have a signi?cant adverse effect 
on the conductivity of the ?nal feature and/or can be 
removed easily. 

[0161] The metal nanoparticle compositions according to 
the present invention can also be deposited by aerosol jet 
deposition. Aerosol jet deposition alloWs the formation of 
conductive features having a feature Width of, e.g., not 
greater than about 200 um, such as not greater than about 
150 um, not greater than about 100 um and even not greater 
than about 50 pm. In aerosol jet deposition, the metal 
nanoparticle composition is aerosoliZed into droplets and the 
droplets are transported to the substrate in a ?oW gas through 
a ?oW channel. Typically, the ?oW channel is straight and 
relatively short. 

[0162] The aerosol can be created using a number of 
atomiZation techniques. Examples include ultrasonic atomi 
Zation, tWo-?uid spray head, pressure atomiZing noZZles and 
the like. Ultrasonic atomiZation is preferred for composi 
tions With loW viscosities and loW surface tension. TWo-?uid 
and pressure atomiZers are preferred for higher viscosity 
?uids. Solvent or can be added to the metal nanoparticle 
composition during atomization, if necessary, to keep the 
concentration of metal nanoparticle components substan 
tially constant during atomiZation. 

[0163] The siZe of the aerosol droplets can vary depending 
on the atomization technique. In one aspect, the average 
droplet siZe is not greater than about 10 um, e.g., not greater 
than about 5 pm. Large droplets can be optionally removed 
from the aerosol, such as by the use of an impactor. 

[0164] LoW aerosol concentrations require large volumes 
of ?oW gas and can be detrimental to the deposition of ?ne 
features. The concentration of the aerosol can optionally be 
increased, such as by using a virtual impactor. The concen 
tration of the aerosol may be greater than about 106 droplets/ 
cm3, e.g., greater than about 107 droplets/cm3. The concen 
tration of the aerosol can be monitored and the information 
can be used to maintain the mist concentration Within, for 
example, about 10% of the desired mist concentration over 
a period of time. 

[0165] The droplets may be deposited onto the surface of 
the substrate by inertial impaction of larger droplets, elec 
trostatic deposition of charged droplets, di?‘usional deposi 
tion of sub-micron droplets, interception onto non-planar 
surfaces and settling of droplets, such as those having a siZe 
in excess of about 10 pm. 

[0166] Examples of tools and methods for the deposition 
of ?uids using aerosol jet deposition include those disclosed 
in Us. Pat. Nos. 6,251,488; 5,725,672 and 4,019,188, the 
entire disclosures Whereof are incorporated by reference 
herein. 

[0167] The metal nanoparticle compositions of the present 
invention can also be deposited by a variety of other 
techniques including intaglio, roll printer, spraying, dip 
coating, spin coating, and other techniques that direct dis 
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crete units of ?uid or continuous jets, or continuous sheets 
of ?uid to a surface. Other examples of advantageous 
printing methods for the compositions of the present inven 
tion include lithographic printing and gravure printing. For 
example, gravure printing can be used With metal nanopar 
ticle compositions having a viscosity of up to about 5,000 
centipoise. The gravure method can deposit features having 
an average thickness of from about 1 pm to about 25 um and 
can deposit such features at a high rate of speed, such as up 
to about 700 meters per minute. The gravure process also 
comprises the direct formation of patterns onto the surface. 

[0168] Lithographic printing methods can also be utiliZed 
With the nanoparticle compositions of the present invention. 
In the lithographic process, the inked printing plate contacts 
and transfers a pattern to a rubber blanket and the rubber 
blanket contacts and transfers the pattern to the surface 
being printed. A plate cylinder ?rst comes into contact With 
dampening rollers that transfer an aqueous solution to the 
hydrophilic non-image areas of the plate. A dampened plate 
then contacts an inking roller and accepts the ink only in the 
oleophilic image areas. 

[0169] Using one or more of the foregoing deposition 
techniques, it is possible to deposit the metal nanoparticle 
composition on one side or both sides of a substrate. Further, 
the processes can be repeated to deposit multiple layers of 
the same or different metal nanoparticle compositions on a 
substrate. 

[0170] An optional ?rst step may comprise a surface 
modi?cation of the substrate as is discussed above. The 
surface modi?cation may be applied to the entire substrate 
or may be applied in the form of a pattern, such as by using 
photolithography. The surface modi?cation may, for 
example, include increasing or decreasing the hydrophilicity 
of the substrate surface by chemical treatment. For example, 
a silanating agent can be used on the surface of a glass 
substrate to increase the adhesion and/or to control spread 
ing of the metal nanoparticle composition through modi? 
cation of the surface tension and/or Wetting angle. The 
surface modi?cation may also include the use of a laser to 
clean the substrate. The surface may also be subjected to 
mechanical modi?cation by contacting With another type of 
surface. The substrate may also be modi?ed by corona 
treatment. 

[0171] For example, a line of polyimide can be printed 
prior to deposition of a metal nanoparticle composition, such 
as a silver metal nanoparticle composition, to prevent in?l 
tration of the composition into a porous substrate, such as 
paper. In another example, a primer material may be printed 
onto a substrate to locally etch or chemically modify the 
substrate, thereby inhibiting the spreading of the metal 
nanoparticle composition being deposited in the folloWing 
printing step. In yet another example, a via can be etched by 
printing a dot of a chemical that is knoWn to etch the 
substrate. The via can then be ?lled in a subsequent printing 
process to connect circuits being printed on the front and 
back of the substrate. 

[0172] As is discussed above, the deposition of a metal 
nanoparticle composition according to the present invention 
can be carried out, for example, by pen/ syringe, continuous 
or drop on demand ink-jet, droplet deposition, spraying, 
?exographic printing, lithographic printing, gravure print 
ing, other intaglio printing, and others. The metal nanopar 
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ticle composition can also be deposited by dip-coating or 
spin-coating, or by pen dispensing onto rod or ?ber type 
substrates. Immediately after deposition, the composition 
may spread, draW in upon itself, or form patterns depending 
on the surface modi?cation discussed above. In another 
aspect, a method is provided for processing the deposited 
composition using 2 or more jets or other ink sources. An 
example of a method for processing the deposited compo 
sition is using in?ltration into a porous bed formed by a 
previous fabrication method. Another exemplary method for 
depositing the composition is using multi-pass deposition to 
build the thickness of the deposit. Another example of a 
method for depositing the composition is using a heated 
head to decrease the viscosity of the composition. 

[0173] The properties of the deposited metal nanoparticle 
composition can also be subsequently modi?ed. This can 
include freeZing, melting and otherWise modifying the prop 
erties such as viscosity With or Without chemical reactions or 
removal of material from the metal nanoparticle composi 
tion. For example, a metal nanoparticle composition includ 
ing a UV-curable polymer can be deposited and immediately 
exposed to an ultraviolet lamp to polymerize and thicken 
and reduce spreading of the composition. Similarly, a ther 
moset polymer can be deposited and exposed to a heat lamp 
or other infrared light source. 

[0174] After deposition, the metal nanoparticle composi 
tion may be treated to convert the metal nanoparticle com 
position to the desired structure and/or material, e.g., a 
conductive feature. The treatment can include multiple 
steps, or can occur in a single step, such as When the metal 
nanoparticle composition is rapidly heated and held at the 
processing temperature for a suf?cient amount of time to 
form a conductive feature. 

[0175] An optional, initial step may include drying or 
subliming of the composition by heating or irradiating. In 
this step, material (e.g., solvent) is removed from the com 
position and/ or chemical reactions occur in the composition. 
Non-limiting examples of methods for processing the depos 
ited composition in this manner include methods using a UV, 
infrared (IR), laser or a conventional light source. Heating 
rates for drying the metal nanoparticle composition are 
preferably greater than about 10° C./min, more preferably 
greater than about 100° C./min and even more preferably 
greater than about 1000° C./min. The temperature of the 
deposited metal nanoparticle composition can be raised 
using hot gas or by contact With a heated substrate. This 
temperature increase may result in further evaporation of 
vehicle and other species. A laser, such as an IR laser, can 
also be used for heating. An IR lamp, a hot plate or a belt 
?mace can also be utiliZed. It may also be desirable to 
control the cooling rate of the deposited feature. 

[0176] The metal nanoparticle compositions of the present 
invention can be processed for very short times and still 
provide useful materials. Short heating times can advanta 
geously prevent damage to the underlying substrate. For 
example, thermal processing times for deposits having a 
thickness on the order of about 10 um may be not greater 
than about 100 milliseconds, e.g., not greater than about 10 
milliseconds, or not greater than about 1 millisecond. The 
short heating times can be provided using laser (pulsed or 
continuous Wave), lamps, or other radiation. Particularly 
preferred are scanning lasers With controlled dWell times. 
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When processing With belt and box furnaces or lamps, the 
hold time may often be not longer than about 60 seconds, 
e.g., not longer than about 30 seconds, or not longer than 
about 10 seconds. The heating time may even be not greater 
than about 1 second When processed With these heat sources, 
and even not greater than about 0.1 second While still 
providing conductive materials that are useful in a variety of 
applications. The preferred heating time and temperature 
Will also depend on the nature of the desired feature, e.g., of 
the desired electronic feature. It Will be appreciated that 
short heating times may not be bene?cial if the solvent or 
other constituents boil rapidly and form porosity or other 
defects in the feature. 

[0177] By Way of non-limiting example, a printed feature 
in accordance With the present invention may be cured by a 
number of different methods including thermal, UV and 
pressure-based curing. The thermal curing can be effected by 
removing the solvents at loW temperatures and creating a 
re?ective print. On some substrates such as paper, no 
thermal curing step may be necessary at all, While in others 
a mild thermal curing step such as short exposure to an IR 
lamp may be suf?cient. In this particular embodiment, the 
metallic ink has a higher absorption cross-section for the IR 
energy derived from the lamp than the surrounding substrate 
and so the printed metallic feature is preferentially thermally 
cured. 

[0178] In cases Where the ink contains a photoactive 
reagent a printed metallic feature in accordance With the 
present invention may also be cured by irradiation With UV 
light. The photoactive reagent may, for example, be a 
monomer or loW molecular Weight polymer Which polymer 
iZes on exposure to UV light resulting in a robust, insoluble 
metallic layer. In cases Where electric conductivity is impor 
tant, a photoactive metal species may, for example, be 
incorporated into the ink to provide good connectivity 
betWeen the nanoparticles in the ink after curing. In this 
embodiment, the photoactive metal-containing species is 
photochemically reduced to form the corresponding metal. 

[0179] In a ?urther aspect of the present invention, the 
printed metallic ink may be cured by compression. This can 
be achieved by exposing the substrate containing the printed 
feature to any of a variety of different processes that “Weld” 
the nanoparticles in the ink. Non-limiting examples of these 
processes include stamping and roll pressing. For example, 
for applications in the security industry, subsequent process 
ing steps in the construction of a secure document are likely 
to include intaglio printing Which Will result in the exposure 
of the substrate containing the printed metallic feature to 
high pressure and temperatures in the range of from about 
50° C. to about 100° C. The temperature or the pressure or 
both combined Will usually be suf?cient to cure the metallic 
ink and create a re?ective and/or conductive feature. Of 
course, any combination of heating, pressing and UV-curing 
may be used for curing a printed feature in accordance With 
the present invention. 

[0180] In one aspect of the present invention, the depos 
ited metal nanoparticle composition may be converted to an 
electrically conductive feature at temperatures of not higher 
than about 300° C., e.g., not higher than about 250° C., not 
higher than about 225° C., not higher than about 200° C., or 
even not higher than about 185° C. In many cases it Will be 
possible to achieve substantial conductivity at temperatures 
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of not higher than about 150° C., e.g., at temperatures of not 
higher than about 125° C., or even at temperatures of not 
higher than about 100° C. Any suitable method and device 
and combinations thereof can be used for the conversion, 
e.g., heating in a furnace or on a hot plate, irradiation With 
a light source (UV lamp, IR or heat lamp, laser, etc.), 
combinations of any of these methods, to name just a feW. 

[0181] By Way of non-limiting example, after heating to a 
temperature of about 200° C., or even to a temperature of 
about 150° C., a deposited composition of the present 
invention may shoW a resistivity Which is not higher than 
about 30 times, e.g., not higher than about 20 times, not 
higher than about 10 times, or not higher than about 5 times 
the resistivity of the pure bulk metal. 

[0182] The particles in the metal nanoparticle composition 
may optionally be (fully) sintered. The sintering can be 
carried out using, for example, fumaces, light sources such 
as heat lamps and/or lasers. In one aspect, the use of a laser 
advantageously provides very short sintering times and in 
one aspect the sintering time is not greater than about 1 
second, e.g., not greater than about 0.1 seconds, or even not 
greater than about 0.01 seconds. Laser types include pulsed 
and continuous Wave lasers. In one aspect, the laser pulse 
length is tailored to provide a depth of heating that is equal 
to the thickness of the material to be sintered. 

[0183] It Will be appreciated from the foregoing discussion 
that tWo or more of the latter process steps (drying, heating 
and sintering) can be combined into a single process step. 
Also, one or more of these steps may optionally be carried 
out in a reducing atmosphere (e.g., in an HZ/N2 atmosphere 
for metals that are prone to undergo oxidation, especially at 
elevated temperature, such as e.g., Ni) or in an oxidiZing 
atmosphere. 

[0184] The deposited and treated material, e.g., a conduc 
tive feature may be post-treated. The post-treatment can, for 
example, include cleaning and/or encapsulation of the con 
ductive feature (e.g., in order to protect the deposited 
material from oxygen, Water or other potentially harmful 
substances) or other modi?cations. The same applies to any 
other metal structures that may be formed (e.g., deposited) 
With a nanoparticle composition of the present invention. 

[0185] One exemplary process How includes the steps of: 
forming a structure by conventional methods such as litho 
graphic, gravure, ?exo, screen printing, photo patterning, 
thin ?lm or Wet subtractive approaches; identifying locations 
requiring addition of material; adding material by a direct 
deposition of a loW viscosity composition; and processing to 
form the ?nal product. In a speci?c aspect, a circuit may be 
prepared by, for example, screen-printing and then be 
repaired by localiZed printing of a loW viscosity metal 
nanoparticle composition of the present invention. 

[0186] More speci?cally, the present invention also pro 
vides a method for the repair of a feature by, e.g., ink-jet 
printing or syringe dispensing. In one aspect, the method 
includes the steps of ink-jet printing a metal nanoparticle 
composition of the present invention onto a repair region 
and heating to temperatures su?icient to convert the metal 
nanoparticle composition to a conductor. According to one 
aspect of the present invention, the repair feature is a ball 
grid array (BGA). According to another aspect, the feature 
is a circuit pattern in a loW temperature co-?re ceramic 
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(LTCC) layer. In one aspect, the pattern is not yet sintered 
While in another aspect the pattern is already sintered. In one 
aspect, a laser can be used to heat the repair section. The 
repair can be carried out prior to processing of the part. The 
repair can be made to a metallic conductor or other elec 
tronic feature. The repaired portion can have been formed by 
screen-printing or photo-patterning of a particle-containing 
composition. In one aspect, laser trimming is used to further 
de?ne the repair region after ink-jet deposition. 

[0187] According to one aspect of the present invention, 
the repaired feature preferably has a minimum feature siZe 
that is not greater than about 250 um and more preferably is 
not greater than about 100 um. According to one aspect, the 
repaired feature has a minimum feature siZe not greater than 
about 10 pm. The repair can be made to features derived 
from various processes such as chemical vapor deposition, 
evaporation, sputtering or other thin ?lm techniques. 

[0188] In another aspect, features larger than approxi 
mately 100 um are ?rst prepared by screen-printing. Fea 
tures not greater than about 100 um are then deposited by a 
direct deposition method using a metal nanoparticle com 
position of the present invention. 

[0189] Preferably, a conductive feature made With a com 
position of the present invention has a resistivity that is not 
greater than about 20 times the bulk resistivity of the pure 
metal, e.g., not greater than about 10 times the bulk resis 
tivity, not greater than about 5 times the bulk resistivity, or 
even not greater than about 2 times the bulk resistivity of the 
pure metal. 

[0190] In accordance With the direct-Write processes, the 
present invention comprises the formation of features for 
devices and components having a small minimum feature 
siZe. For example, the method of the present invention can 
be used to fabricate features having a minimum feature siZe 
(the smallest feature dimension in the x-y axis) of not greater 
than about 200 um, e.g., not greater than about 150 pm, or 
not greater than about 100 pm. These feature siZes can be 
provided using ink-jet printing and other printing 
approaches that provide droplets or discrete units of com 
position to a surface. The small feature siZes can advanta 
geously be applied to various components and devices, as is 
discussed beloW. 

[0191] Ink Curing and Processing 

[0192] A nanoparticle composition of the present inven 
tion Which has been applied (e.g., printed) on a substrate 
may be cured by a number of different methods including, 
but not limited to thermal, UV and pressure-based curing. 
By Way of non-limiting example, thermal curing can be 
effected by removing the vehicle (solvents) at loW tempera 
tures and creating a re?ective print. On some substrates such 
as paper, no thermal curing step may be necessary, While in 
others a mild thermal curing step such as, e.g., short expo 
sure to an infra-red lamp may be su?icient. In this particular 
embodiment, the metallic ink may have a higher absorption 
cross-section for the IR energy derived from the heat lamp 
compared to the surrounding substrate and so the applied 
composition may be preferentially thermally cured. 

[0193] The applied composition (e.g., a printed feature) 
may also be cured by irradiation With UV light Where the ink 
contains a photoreactive reagent. The photoreactive reagent 
may, for example, be a monomer or loW molecular Weight 












































