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(57) ABSTRACT 
Precursor compositions for the fabrication of electronic 
features such as resistors and capacitors. The precursor 
compositions are formulated to have a loW conversion 
temperature, such as not greater than about 3500 C., thereby 
enabling the fabrication of such electronic features on a 
variety of substrates, including organic substrates such as 
polymer substrates. 
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PRECURSOR COMPOSITIONS FOR THE 
DEPOSITION OF PASSIVE ELECTRONIC 

FEATURES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation application of 
co-pending US. patent application Ser. No. 10/286,363, 
?led Nov. 1, 2002, Which claims the bene?t of US. Provi 
sional Application No. 60/338,797 ?led Nov. 2, 2001. This 
application is also related to US. patent application Ser. No. 
10/265,296 entitled “PRECURSOR COMPOSITIONS FOR 
THE DEPOSITION OF ELECTRICALLY CONDUCTIVE 
FEATURES” and ?led on Oct. 4, 2002. Each of the fore 
going referenced patent applications is incorporated by 
reference herein as if set forth in its entirety. 

BACKGROUND OF THE INVENTION 

[0002] 
[0003] The present invention relates to precursor compo 
sitions that are useful for the deposition of electronic fea 
tures such as resistors and capacitors. The precursor com 
positions can have a loW conversion temperature to enable 
loW-temperature treatment of the compositions to form 
passive electronic features on a variety of substrates. 

[0004] 2. Description of Related Art 

1. Field of the Invention 

[0005] A variety of materials are used to create electronic 
circuitry on a substrate. Examples include metals and other 
conductive materials for electrical conductors, dielectric 
materials for insulation and capacitive elements, resistive 
materials for resistors and ferroelectric materials for capaci 
tive elements. 

[0006] For example, dielectric materials have a Wide vari 
ety of applications in electronic circuits. They are used to 
provide electrical insulation as Well as to facilitate the 
temporary storage of electrical charge. The dielectric con 
stant, dielectric loss factor, and dielectric strength determine 
the suitability for a speci?c application. Variations in dielec 
tric properties With frequency, temperature and a range of 
environmental conditions, such as humidity, also play a big 
role in determining the usefulness of any particular material 
composition. 
[0007] Traditionally, a thick ?lm paste is deposited by 
screen-printing and subsequently ?red (heated) to form a 
dielectric material. The pastes typically consist of ceramic 
particles and a small amount of particulate glass as a 
sintering aid. Annealing above 850° C. for extended times is 
needed to induce crystallization and densi?cation of the 
material. 

[0008] Historically, glasses have been Widely used in the 
inorganic thick ?lm industry to loWer densi?cation tempera 
tures. Mixing glasses and ceramics has many technological 
advantages. In “loW-k” dielectric applications Where the 
dielectric constant (k) is about 10 or loWer, a signi?cant 
amount of glass is mixed With one or more refractory oxides. 
During ?ring of these materials the glass melts, resulting in 
a hermetic structure. The melting temperature of these glass 
additives is typically greater than 600° C. In some cases, loW 
temperature sealing glasses or overglaZes are used With 
melting temperatures in the range of 300° C. to 400° C. 
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When such loW-melting point glasses are used, entrapment 
of organic vehicle inside the thick ?lm becomes a real 
concern. Glass additives are also used in small amounts in 
“high-k” dielectric applications, those having a dielectric 
constant of 10 or higher. During ?ring, the glass component 
melts and the liquid glass phase provides capillary pressure 
and a diffusion path for the ceramic phase. The amount of 
glass that is used in these compositions must be balanced 
betWeen maximiZing the effect of the glass as a sintering aid 
and minimiZing loW-k glass contamination in the processed 
?lm to achieve a high dielectric constant. 

[0009] Polymer thick ?lm technology is also used exten 
sively and alloWs the formation of resistors and dielectric 
layers on organic and other loW temperature substrates. 
Polymer thick-?lm (PTF) technology has been traditionally 
used in loWer performance, loWer cost hybrid circuits on 
organic substrates. This technology is based on manufactur 
ing by screen-printing pastes consisting of polymers With 
conductor, resistor and/or dielectric materials and solvents 
on the substrate. Polymer thick ?lms offer great versatility in 
the sense that materials With very different electrical char 
acteristics and excellent adhesion to organic substrates can 
be obtained through simple modi?cations of the composi 
tion. As a result, they can be tailored to suit many applica 
tions, such as loW temperature processing and ?exible 
substrates. 

[0010] Typical dielectric constants for polymers range 
from about 2.5 to 6, and the polymers have a high loss 
compared to inorganic materials. For example, polymide has 
a dielectric constant of 3.5 and a loss tangent of 0.01. 
Higher-k polymer thick ?lms can be obtained by adding a 
high-k ceramic ?ller to the polymer. HoWever, mixing rules 
for multi-component dielectric layers dictate the intrinsic 
limitations of this approach. Hence, there is very limited use 
of PTF for capacitors, particularly for stable, high perfor 
mance components. 

[0011] Traditional hybrid technologies also have serious 
limitations for today’s demanding resistor applications. 
Screen-printed thick-?lm resistors for example have Wide 
ranging values, but their short current paths and the inherent 
limitations of the screen-printing resolution severely com 
promise their performance characteristics. Laser trimming is 
often required to ?ne-tune the values Within the desired 
range. Thin-?lm resistors, While capable of high precision, 
are expensive to design and manufacture and have their oWn 
limitations in terms of obtainable resistance values. 

[0012] Most resistors for integrated electronic applications 
are required to be ohmic, to have small deviations from their 
predetermined resistive value (tolerance), and to have small 
temperature coefficients of resistance (TCR). TCR is an 
expression of change in resistance due to change in tem 
perature and it is expressed in parts per million per degree 
Celsius (ppm/° C.). The TCR of given conductive and 
semiconductive materials can be either positive (increasing 
resistance With increase in temperature) or negative 
(decreasing resistance With increasing temperature). 

[0013] The major demand for resistors in electronic appli 
cations lies in the resistance range from 103 to 108 Q. This 
is a serious challenge, as pure materials With suitable and 
reliable electrical behavior typically have resistivities beloW 
about 10-6 Qm. Unfortunately, there are no pure single 
phase materials that provide optimum properties for ohmic 
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resistors. The key to producing a resistor With a speci?c 
resistivity and loW TCR lies in tailoring composition and 
microstructure of the ?nal product and tWo general strategies 
have been successful. First, the conductivity can be loWered 
by diluting a conductive material With an insulative phase. 
Also, very thin and/or elongated conductive paths can be 
formed and packaged for stability and reproducibility. Thin 
?lm resistor technology is often based on the latter approach, 
While thick-?lm materials are often mixtures of a conductive 
and an insulative phase. 

[0014] Materials systems have been developed in the prior 
art for thin and thick ?lm technologies. Thick ?lm technol 
ogy has seen the development of both polymeric type 
resistors as Well as cermets, While thin ?lms rely mainly on 
vapor deposition and lithography of metal alloys. Polymeric 
resistors generally consist of a polymer matrix With a 
conductive particulate phase such as particulates of carbon 
or a silver alloy. Cermet type resistors have gained popu 
larity as they offer better performance and tolerance than 
polymeric resistors While offering a Wide range of resistivi 
ties. A typical cermet resistor paste consists of a conductive 
phase and insulative matrix phase, along With other addi 
tives such as an organic carrier, binder, Wetting agents and 
dispersants. 
[0015] A major goal of the electronics industry is to 
produce resistors of the same quality as cermet resistors With 
regard to range of resistance, TCR, and stability While 
simplifying the process steps by loWering process tempera 
ture and time, and decreasing the process sensitivity of the 
material. An ideal material Would retain the high quality 
electrical characteristics of cermets While being processable 
on organic substrates, including polymide substrates (e.g., 
KAPTON, available from E.I. duPont deNemours, and 
Company, Wilmington, Del.) and glass/epoxy laminates 
such as FR-4. 

[0016] In accordance With the foregoing, the electronics 
industry relies on the deposition of patterns of various 
materials onto substrates to form circuits and passive circuit 
elements. The primary methods for printing of these patterns 
are screen-printing for features larger than 100 um and thin 
?lm approaches for features less than 100 um. Other sub 
tractive processes are available for feature siZes less than 
100 pm. These include photo-pattemable pastes, laser trim 
ming, and others. 

[0017] Us. Pat. No. 5,801,108 by Huang et al. discloses 
dielectric pastes formulated from starting materials includ 
ing a dielectric poWder composition, a glass composition 
such as a borosilicate glass that Will melt at about 500° C. 
to 600° C. and react With the dielectric poWder upon ?ring 
and partially form a crystalliZed phase, and a binding 
material such as an organic binder. The resulting dielectric 
paste is a multiphase dielectric paste Wherein at least one 
phase is an alkaline earth, transition metal silicate. It is also 
disclosed that When the dielectric poWder to crystalliZable 
glass Weight ratio is approximately 60:40, the resulting 
mixture Will densify at approximately 850° C. 

[0018] Precursor derived printable electronic composi 
tions are described by R. W. Vest (Metallo-organic materials 
for improved thick ?lm reliability, Nov. 1, 1980, Final 
Report, Contract #N00163-79-C-0352, National Avionic 
Center). Vest described only compositions that contained 
precursors and a solvent. 
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[0019] Us. Pat. Nos. 6,036,889 and 5,882,722 by Kydd 
disclose conductor precursor compositions that contain par 
ticles, a metal organic decomposition (MOD) precursor and 
a vehicle and provide pure conductors at loW temperatures 
on organic substrates. HoWever, materials to form dielectrics 
and resistors are not disclosed. Also, formulations for ?ne 
mesh screen printing are not disclosed. Speci?c formulation 
and processing details about hoW to loWer the decomposi 
tion temperature to beloW 300° C. are not disclosed. 

[0020] Us. Pat. No. 6,197,366 by Takamatsu discloses 
methods using inorganometallic compounds to obtain for 
mulations that convert to dense sold metals at loW tempera 
tures. 

[0021] Polymer thick ?lm materials containing particles in 
a polymeriZable organic vehicle have also been disclosed in 
the prior art. These compositions are processable at loW 
temperatures, such as less than 200° C., alloWing deposition 
onto organic substrates. HoWever, these compositions are 
not designed for ?ne feature siZes such as those have a 
resolution of less than 200 um. Polymer thick ?lm also has 
limited performance and suffers from poor stability in 
changing environments. Attempts have been made to pro 
duce metal-containing compositions at loW temperatures by 
using a composition including a polymer and a precursor to 
a metal. See, for example, U.S. Pat. No. 6,019,926, by 
SouthWard et al. 

[0022] Us. Pat. Nos. 5,846,615 and 5,894,038, both by 
Sharma et al., disclose precursors to Au and Pd that have loW 
reaction temperatures thereby conceptually enabling pro 
cessing at loW temperatures to form metals. 

[0023] Us. Pat. No. 5,332,646 by Wright et al. discloses 
a method of making colloidal palladium and/or platinum 
metal dispersions by reducing a palladium and/or platinum 
metal of a metallo-organic palladium and/or platinum metal 
salt Which lacks halide functionality. 

[0024] There exists a need for precursor compositions, 
particularly high viscosity pastes, for use in electronics, 
displays, and other applications. Further, there is a need for 
precursor compositions that provide loW processing tem 
peratures to alloW deposition onto organic substrates While 
still providing features With good electrical characteristics. 
Furthermore, there exists a need for a precursor composition 
for passive electronic features that offers enhanced resolu 
tion control. 

SUMMARY OF THE INVENTION 

[0025] The present invention is directed to ?oWable pre 
cursor compositions having a relatively high viscosity (e.g., 
pastes) that are adapted to form resistive and dielectric 
features such as resistors and capacitors at relatively loW 
temperatures, thereby enabling the use of loW temperature 
substrates such as polymer substrates. 

[0026] According to one embodiment, a method for fab 
ricating an inorganic resistor on an organic substrate is 
provided, including the step of applying a ?oWable precur 
sor composition to an organic substrate Wherein the precur 
sor composition includes a molecular precursor to a con 
ductive phase and a poWder of an insulating material. The 
substrate and/ or the precursor composition is then heated to 
a temperature of not greater than about 350° C. to convert 
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the molecular precursor to the conductive phase and form a 
resistor, Wherein the resistor has a resistivity of at least about 
100 uQ-cm. 

[0027] According to this embodiment, the heating step can 
include heating to a temperature of not greater than about 
300° C., such as not greater than about 250° C., even not 
greater than about 200° C. and even not greater than about 
150° C. The molecular precursor can include a highly 
conductive metal, such as one selected from the group 
consisting of silver, copper and nickel. The insulating mate 
rial can be selected from the group consisting of silica, 
alumina, titania and a glass and the insulator particles can 
have an average particle siZe of not greater than about 100 
nanometers. The step of applying a ?oWable precursor 
composition includes depositing a ?oWable precursor com 
position using a syringe. The substrate can be, for example, 
a polyimide substrate. The resistor can have a resistivity of 
at least about 1000 uQ-cm, such as at least about 10,000 
uQ-cm and even at least about 100,000 uQ-cm. 

[0028] According to another embodiment of the present 
invention, a method for fabricating an inorganic resistor on 
an organic substrate is provided, including the step of 
applying a ?oWable precursor composition to an organic 
substrate Wherein the precursor composition includes a 
molecular precursor to a conductive phase and a poWder of 
a resistive material. The substrate and/or precursor compo 
sition is heated to a temperature of not greater than about 
350° C. to convert the molecular precursor to the conductive 
phase and form a resistor Wherein the resistor has a resis 
tivity of at least about 100 uQ-cm. 

[0029] According to this embodiment, the heating step can 
include heating to a temperature of not greater than about 
300° C., such as not greater than about 250° C., for example 
not greater than about 200° C., or even not greater than about 
150° C. The molecular precursor can include a highly 
conductive metal, such as a metal selected from the group 
consisting of silver, copper and nickel. The resistive material 
can be selected from the group consisting of semiconducting 
oxides, ruthenium oxide, metal ruthenates including rutile, 
pyrochlore and perovskite phases of ruthenium, indium tin 
oxide, tin oxide, indium oxide, antimony oxide and Zinc 
oxide. The resistive particles can have an average particle 
siZe of not greater than about 100 nanometers. The substrate 
can be, for example, a polyimide substrate. The resistor can 
have a resistivity of at least about 1000 uQ-cm, such as at 
least about 10,000 uQ-cm and even at least about 100,000 
uQ-cm. 
[0030] According to another embodiment, a method for 
fabricating an inorganic resistor on an organic substrate is 
provided including the step of applying a ?oWable precursor 
composition to an organic substrate Wherein the precursor 
composition includes a molecular precursor to a resistive 
phase and a poWder of a conductive material. The substrate 
and/or precursor composition is heated to a temperature of 
not greater than about 350° C. to convert the molecular 
precursor to the resistive phase and form a resistor Wherein 
the resistor has a resistivity of at least about 1000 uQ-cm. 

[0031] According to this embodiment, the heating step can 
include heating to a temperature of not greater than about 
300° C., such as not greater than about 250° C. and even not 
greater than about 200° C. The conductive poWder can 
include a high conductivity metal such as a metal selected 

May 10, 2007 

from the group consisting of silver, copper and nickel. The 
resistive phase material can be selected from the group 
consisting of semiconducting oxides, ruthenium oxide, 
metal ruthenates including rutile, pyrochlore and perovskite 
phases of ruthenium, indium tin oxide, tin oxide, indium 
oxide, antimony oxide and Zinc oxide. The conductive 
particles can have an average particle siZe of not greater than 
about 100 nanometers. The substrate can be a polyimide 
substrate and the resistor can have a resistivity of at least 
about 10,000 uQ-cm, such as at least about 100,000 uQ-cm. 

[0032] According to another embodiment, a method for 
fabricating an inorganic resistor on an organic substrate is 
provided including the step of applying a ?oWable precursor 
composition to an organic substrate Wherein the precursor 
composition includes a molecular precursor to a resistive 
phase and a poWder of a resistive material. The substrate 
and/or precursor composition can then be heated to a tem 
perature of not greater than about 350° C. to convert the 
molecular precursor to the resistive phase and form a resistor 
Wherein the resistor has a resistivity of at least about 100,000 
uQ-cm. 
[0033] According to this embodiment, the heating step can 
include heating to a temperature of not greater than about 
300° C., such as not greater than about 250° C. and even not 
greater than about 200° C. The molecular precursor can 
include a precursor to a material selected from the group 
consisting of semiconducting oxide, ruthenium oxide, metal 
ruthenates including rutile, pyrochlore and perovskite 
phases of ruthenium, indium tin oxide, tin oxide, indium 
oxide, antimony oxide and Zinc oxide. The resistive material 
can be selected from the group consisting of semiconducting 
oxides, ruthenium oxide, metal ruthenates including rutile, 
pyrochlore and perovskite phases of ruthenium, indium tin 
oxide, tin oxide, indium oxide, antimony oxide and Zinc 
oxide and can have an average particle siZe of not greater 
than about 100 nanometers. 

[0034] According to another embodiment of the present 
invention, a method for fabricating an inorganic resistor on 
an organic substrate is provided, including the step of 
applying a ?oWable precursor composition to an organic 
substrate Wherein the precursor composition includes a 
molecular precursor to a resistive phase and a poWder of an 
insulative material. The substrate and/or precursor compo 
sition can be heated to a temperature of not greater than 
about 350° C. to convert the molecular precursor to the 
resistive phase and form a resistor Wherein the resistor has 
a resistivity of at least about 10,000 uQ-cm. 

[0035] According to this embodiment, the heating step can 
include heating to a temperature of not greater than about 
300° C., such as not greater than about 250° C. and even not 
greater than about 200° C. The insulative poWder can 
include a material selected from the group consisting of 
silica, alumina and titania. The resistive phase material can 
be selected from the group consisting of semiconducting 
oxides, ruthenium oxide, metal ruthenates including rutile, 
pyrochlore and perovskite phases of ruthenium, indium tin 
oxide, tin oxide, indium oxide, antimony oxide and Zinc 
oxide. 

[0036] According to another embodiment of the present 
invention, a method for fabricating an inorganic resistor on 
an organic substrate is provided including the steps of 
applying a ?oWable precursor composition to an organic 
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substrate wherein the precursor composition includes a 
molecular precursor to an insulative phase and a poWder of 
a conductive material. The substrate and/ or precursor com 
position is then heated to a temperature of not greater than 
about 350° C. to convert the molecular precursor to the 
insulative phase and form a resistor Wherein the resistor has 
a resistivity of at least about 10,000 uQ-cm. 

[0037] According to this embodiment, the heating step can 
include heating to a temperature of not greater than about 
300° C., such as not greater than about 250° C. and even not 
greater than about 200° C. The conductive poWder can 
include a metal selected from the group consisting of silver, 
copper and nickel and the insulative phase material can be 
selected from the group consisting of silica, alumina, titania 
and a glass. 

[0038] According to another embodiment of the present 
invention, a method for fabricating an inorganic resistor on 
an organic substrate is provided including the steps of 
applying a ?oWable precursor composition to an organic 
substrate Wherein the precursor composition includes a 
molecular precursor to an insulative phase and a poWder of 
a resistive material. The substrate and/or precursor compo 
sition can then be heated to a temperature of not greater than 
about 350° C. to convert the molecular precursor to the 
insulative phase and form a resistor Wherein the resistor has 
a resistivity of at least about 100,000 uQ-cm. 

[0039] According to this embodiment, the heating step can 
include heating to a temperature of not greater than about 
300° C., such as not greater than about 250° C. and even not 
greater than about 200° C. The molecular precursor can 
include a precursor to a material selected from the group 
consisting of silica, alumina, titania and glass and the 
resistive material can be selected from the group consisting 
of semiconducting oxides, ruthenium oxide, metal ruthen 
ates including rutile, pyrochlore and perovskite phases of 
ruthenium, indium tin oxide, tin oxide, indium oxide, anti 
mony oxide and Zinc oxide. The resistor can have a resis 
tivity of at least about 1,000,000 uQ-cm. 

[0040] According to another embodiment, a precursor 
composition having a viscosity of at least about 5000 
centipoise is provided, including a precursor solution com 
prising a molecular precursor compound at least partially 
dissolved in a solvent and an inorganic poWder dispersed 
throughout the precursor solution, Wherein the precursor 
composition can be converted to an inorganic resistor having 
a resistivity of from about 100 uQ-cm to about 50,000 
uQ-cm at a temperature of not greater than about 350° C. 

[0041] According to this embodiment, the molecular pre 
cursor compound can be a precursor to a metal selected from 
the group consisting of silver, copper and nickel. Further, the 
molecular precursor compound can be a metal carboxylate 
compound, such as a halogenated carboxylate compound. A 
preferred molecular precursor compound is silver tri?uoro 
acetate. The inorganic poWder can include a metal oxide, 
such as silica, titania or alumin and the inorganic poWder can 
include a glass. 

[0042] The foregoing methods and compositions can be 
used to fabricate a variety of components. Preferred com 
ponents include those disposed on a circuit comprising 
organic transistors, a display backplane, a circuit board, an 
RF tag and a smart card. 
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[0043] These and other embodiments of the present inven 
tion Will become apparent from the folloWing detailed 
description. 

DESCRIPTION OF THE INVENTION 

[0044] The present invention is directed to precursor com 
positions having a high viscosity that can be deposited onto 
a surface using methods such as screen printing. The pre 
cursor compositions preferably have a loW decomposition 
temperature, thereby enabling the formation of electronic 
features on a variety of substrates, including organic sub 
strates. The precursor compositions can include various 
combinations of molecular metal precursors, solvents, 
micron-siZe particles, nanopar‘ticles, vehicles, reducing 
agents and other additives. The precursor compositions can 
be deposited onto a substrate and reacted to form conductive 
traces and other passive electronic features formed from 
dielectrics and resistors. 

[0045] The precursor compositions according to the 
present invention can be formulated to have a Wide range of 
properties and a Wide range of relative cost. For example, in 
high volume applications that do not require Well-controlled 
properties, inexpensive precursor compositions can be 
deposited on cellulose-based materials, such as paper, to 
form simple disposable circuits. On the other hand, the 
precursor compositions of the present invention can be 
utiliZed to form complex and high precision circuitry having 
good electrical properties. 

[0046] The method for forming the electronic features 
according to the present invention can also make use of 
relatively loW processing temperatures. Depending upon the 
materials included in the precursor composition, the con 
version temperature can be not greater than 900° C., such as 
not greater than about 600° C. In one embodiment, the 
conversion temperature is not greater than about 400° C., 
such as not greater than about 350° C. and preferably not 
greater than about 250° C. According to a particularly 
preferred embodiment, the conversion temperature can be 
not greater than about 200° C., such as not greater than about 
150° C. The heating time can also be very short, such as not 
greater than about 5 minutes, more preferably not greater 
than about 1 minute and even more preferably not greater 
than about 10 seconds. 

De?nitions 

[0047] As used herein, the terms precursor composition or 
high viscosity precursor composition refer to a ?oWable 
composition that has a viscosity of at least about 1000 
centipoise, such as at least 5000 centipoise. According to 
one embodiment, the precursor composition has a viscosity 
of greater than about 10,000 centipoise. As used herein, the 
viscosity is measured at a shear rate of about 132 HZ and 
under the relevant deposition conditions, particularly tem 
perature. For example, some precursor compositions may be 
heated prior to and/or during deposition to reduce the 
viscosity. 

[0048] As used herein, the term molecular precursor refers 
to a molecular compound that includes a metal atom. 
Examples include organometallics (molecules With carbon 
metal bonds), metal organics (molecules containing organic 
ligands With metal bonds to other types of elements such as 
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oxygen, nitrogen or sulfur) and inorganic compounds such 
as metal oxides, metal nitrates, metal halides and other metal 
salts. 

[0049] As used herein, the term precursor solution refers 
to a precursor or a mixture of precursors dissolved in a 
solvent. A solvent is a ?oWable chemical that is capable of 
dissolving at least a portion of the molecular precursor. The 
precursor solution can also include other additives such as 
crystallization inhibitors, reducing agents, and agents that 
reduce the conversion (e.g. decomposition) temperature of 
the molecular precursors. 

[0050] In addition to the precursor solution, the precursor 
composition can include particulates of one or several 
materials. The particulates can fall in tWo siZe ranges 
referred to herein as nanoparticles and micron-siZe particles. 
Nanoparticles have an average siZe of not greater than about 
100 nanometers and micron-siZe particles have an average 
particle siZe of at least about 0.1 pm. Nanoparticles and 
micron-siZe particles are collectively referred to herein as 
particles or poWders. 

[0051] The precursor compositions can also include a 
vehicle. As used herein, a vehicle is a ?oWable medium that 
facilitates deposition of the precursor composition, such as 
by imparting su?icient ?oW properties to the precursor 
compositions. As Will be appreciated from the folloWing 
discussion, the same chemical can have multiple functions, 
such as one that is both a solvent and a vehicle. 

[0052] Other materials, referred to simply as additives, can 
also be included in the precursor compositions of the present 
invention. As is discussed beloW, such additives can include, 
but are not limited to, crystallization inhibitors, polymers, 
polymer precursors (oligomers or monomers), reducing 
agents, binders, dispersants, surfactants, thickening agents 
and the like. 

Precursor Compositions 

[0053] As is discussed above, the precursor compositions 
according to the present invention can optionally include 
particulates in the form of nanoparticles and/or micron-siZe 
particles. 
[0054] Nanoparticles have an average siZe of not greater 
than about 100 nanometers, such as from about 10 to 80 
nanometers. Particularly preferred are nanoparticles having 
an average siZe in the range of from about 25 to 75 
nanometers. 

[0055] Nanoparticles that are particularly preferred for use 
in the present invention are not substantially agglomerated. 
Preferred nanoparticle compositions include Al2O3, CuOX, 
SiO2 and TiO2, conductive metal oxides such as In2O3, 
indium-tin oxide (ITO) and antimony-tin oxide (ATO), 
silver, palladium, copper, gold, platinum and nickel. Other 
useful nanoparticles of metal oxides include pyrogenous 
silica such as HS-5 or M5 or others (Cabot Corp., Boston, 
Mass.) and AEROSIL 200 or others (Degussa AG, Dussel 
dorf, Germany) or surface modi?ed silica such as TS530 or 
TS720 (Cabot Corp., Boston, Mass.) and AEROSIL 380 
(Degussa AG, Dusseldorf, Germany). In one embodiment of 
the present invention, the nanoparticles are composed of the 
same metal that is contained in the molecular precursor 
compound, discussed beloW. Nanoparticles can be fabri 
cated using a number of methods and one preferred method, 
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referred to as the Polyol process, is disclosed in Us. Pat. No. 
4,539,041 by FiglarZ et al., Which is incorporated herein by 
reference in its entirety. 

[0056] The precursor compositions according to the 
present invention can also include micron-siZe particles, 
having an average siZe of at least about 0.1 pm. Preferred 
compositions of micron-siZe particles are similar to the 
compositions described above With respect to nanoparticles. 
The shape of the particles can be varied from completely 
spherical such as those produced by spray pyrolysis to ?akes 
that are leaf-like in shape With very large aspect ratios. 
Particles can also be any oblong shape in betWeen spheres 
and ?akes. When substantially spherical particles are 
described, the particle siZe refers to the particle diameter, 
When ?akes are described, the particle siZe refers to the 
largest dimension measure across such a particle. Flake 
content, ?ake particle siZe, ?ake agglomeration, and surface 
morphology are all Well controlled in the present invention. 
In one embodiment, precursor compositions according to the 
present invention do not include any ?akes. 

[0057] Generally, the volume median particle siZe of the 
micron-siZe particles is at least about 0.1 pm, such as at least 
about 0.3 pm. Further, the median particle siZe is preferably 
not greater than about 20 pm. For most applications, the 
volume median particle siZe is more preferably not greater 
than about 10 um and even more preferably not greater than 
about 5 pm. A particularly preferred median particle siZe is 
from about 0.3 um to about 3 um. According to one 
embodiment of the present invention, it is preferred that the 
volume median particle siZe of the micron-siZe particles is at 
least 10 times smaller than the ori?ce diameter in the tool 
depositing the precursor composition, such as not greater 
than about 5 um for syringe-dispense device having a 50 um 
ori?ce. As used herein, the term “average” particle siZe 
refers to the volume median particle siZe. 

[0058] According to a preferred embodiment of the 
present invention, the particles (nanoparticles and micron 
siZe particles) also have a narroW particle siZe distribution, 
such that the majority of particles are about the same siZe 
and so that there are a minimal number of large particles that 
can clog mesh openings of a screen-printing tool or the 
channel of a syringe dispense tool. A narroW particle siZe 
distribution is particularly advantageous for direct-Write 
applications due to reduced clogging of tools by large 
particles and due to the ability to form surface features 
having a ?ne line Width, high resolution and high packing 
density. Preferably, at least about 70 volume percent and 
more preferably at least about 80 volume percent of the 
particles Within the same siZe classi?cation (nanoparticles or 
micron-siZe particles) are not larger than tWice the average 
particle siZe. For example, When the average particle siZe of 
micron-siZe particles is about 2 um, it is preferred that at 
least about 70 volume percent of the micron-siZe particles 
are not larger than 4 pm and it is more preferred that at least 
about 80 volume percent of the micron-siZe particles are not 
larger than 4 um. Further, it is preferred that at least about 
70 volume percent and more preferably at least about 80 
volume percent of the particles are not larger than about 1.5 
times the average particle siZe. Thus, When the average 
particle siZe of the micron-siZe particles is about 2 pm, it is 
preferred that at least about 70 volume percent of the 
micron-siZe particles are not larger than 3 um and it is more 
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preferred that at least about 80 volume percent of the 
micron-siZe particles are not larger than 3 pm. 

[0059] It is known that micron-siZe particles and nanopar 
ticles often form soft agglomerates as a result of their 
relatively high surface energy, as compared to larger par 
ticles. It is also knoWn that such soft agglomerates may be 
dispersed easily by treatments such as exposure to ultra 
sound in a liquid medium, sieving, high shear mixing and 
3-roll milling. The average particle siZe and particle siZe 
distributions described herein are measured by mixing 
samples of the poWders in a liquid medium, such as Water 
and a surfactant, and exposing the suspension to ultrasound 
through either an ultrasonic bath or horn. The ultrasonic 
treatment supplies suf?cient energy to disperse the soft 
agglomerates into primary particles. The primary particle 
siZe and siZe distribution are then measured by light scat 
tering in a MICROTRAC instrument. Thus, the references to 
particle siZe herein refer to the primary particle siZe, such as 
after lightly dispersing soft agglomerates of the particles. 

[0060] It is also possible according to the present inven 
tion to provide micron-siZe particles or nanoparticles having 
a bimodal or trimodal particle siZe distribution. That is, the 
particles can have tWo distinct and different average particle 
siZes. Preferably, each of the distinct particle siZe distribu 
tions Will meet the foregoing siZe distribution limitations. A 
bimodal or trimodal particle siZe distribution can advanta 
geously enhance the packing ef?ciency of the particles When 
deposited according to the present invention. The tWo modes 
can include particles of different compositions. In one 
embodiment, the tWo modes have average particle siZes at 
about 1 pm and 5 um, and in another embodiment the 
average particle siZe of the tWo modes is at about 0.5 pm and 
2.5 um. The bimodal particle siZe distribution can also be 
achieved using nanoparticles and in one embodiment, the 
larger mode has an average particle siZe of from about 1 um 
to 10 um and the smaller mode has an average particle siZe 
of from about 10 to 100 nanometers. A bimodal particle siZe 
distribution can be particularly advantageous With respect to 
density of the ?nal feature When the smaller siZe particles 
constitute about 10 Wt. % of the total mass of particles. 

[0061] The particles that are useful in the precursor com 
positions according to the present invention also preferably 
have a high degree of purity and it is preferred that the 
particles include not greater than about 1.0 atomic percent 
impurities and more preferably not greater than about 0.1 
atomic percent impurities and even more preferably not 
greater than about 0.01 atomic percent impurities. Impurities 
are those materials that are not intended in the ?nal product 
and that negatively affect the properties of the ?nal product. 
For many electronic applications, the most critical impuri 
ties to avoid are Na, K, and Cl, S and F. As is discussed 
beloW, it Will be appreciated that the particles can include 
composite particles having one or more second phases. Such 
second phases are not considered impurities. 

[0062] The particles for use in the precursor compositions 
according to the present invention can also be coated par 
ticles Wherein the particle includes a surface coating sur 
rounding the particle core. Coatings can be generated on the 
particle surface by a number of different mechanisms. One 
preferred mechanism is spray pyrolysis. One or more coat 
ing precursors can vaporiZe and fuse to the hot particle 
surface and thermally react resulting in the formation of a 
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thin ?lm coating by chemical vapor deposition (CVD). 
Preferred coatings deposited by CVD include metal oxides 
and elemental metals. 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 and 
elemental metals. Alternatively, a gaseous 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 particle surface and sinter onto the surface, thus 
forming a coating. This method is referred to as gas-to 
particle conversion (GPC). Whether such coating reactions 
occur by CVD, PVD or GPC is dependent on the reactor 
conditions, such as temperature, precursor partial pressure, 
Water partial pressure and the concentration of particles in 
the gas stream. Another possible surface coating method is 
surface conversion of the particles by reaction With a vapor 
phase reactant to convert the surface of the particles to a 
different material than that originally contained in the par 
ticles. 

[0063] In addition, a volatile coating material such as lead 
oxide, molybdenum oxide or vanadium oxide can be intro 
duced into the reactor such that the coating deposits on the 
particles by condensation. Further, the particles can be 
coated using other techniques. For example, soluble precur 
sors to both the particle and the coating can be used in the 
precursor solution. In another embodiment, a colloidal pre 
cursor and a soluble precursor can be used to form a 

particulate colloidal coating on the composite particle. It 
Will be appreciated that multiple coatings can be deposited 
on the surface of the particles if such multiple coatings are 
desirable. 

[0064] The coatings are preferably as thin as possible 
While maintaining conformity about the particles such that 
the core of the particle is not substantially exposed. For 
example, the coatings on a micron-siZe particle can have an 
average thickness of not greater than about 200 nanometers, 
preferably not greater than about 100 nanometers and more 
preferably not more than about 50 nanometers. For most 
applications, the coating has an average thickness of at least 
about 5 nanometers. A speci?c example of useful coated 
particles is silica coated silver particles. 

[0065] For example, copper particles can be coated With 
another metal such as silver to stabiliZe the surface against 
oxidation during heat treatment of the precursor composi 
tion. Alternatively, silver particles can be coated With one or 
more metals such as copper, silver/palladium or silver/ 
platinum to increase the solder leach resistance While main 
taining high conductivity. Another preferred example of a 
coated particle is Ag coated With a silica coating. This Will 
prevent particle agglomeration during production and for 
mulation into a precursor composition. The coating can act 
as a sintering delay barrier in certain applications. When 
formulated into a silver precursor composition, the silica 
coating can have a positive impact on precursor composition 
?oWability and the minimum feature siZe of the conductive 
traces formed using this precursor composition. 

[0066] Nanoparticles can also be coated by utiliZing the 
coating strategies described above. In addition, it may be 
advantageous to coat nanoparticles With materials such as a 
polymer to prevent agglomeration of the nanoparticles due 
to high surface energy. This is described by P. Y. Silvert et 
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al. (Preparation of colloidal silver dispersions by the polyol 
process, Journal of Material Chemistry, 1997, volume 7(2), 
pp. 293-299). In another embodiment, the particles can be 
coated With an intrinsically conductive polymer, preventing 
agglomeration in the precursor composition and providing a 
conductive patch after solidi?cation of the precursor com 
position. In yet another embodiment, the polymer can 
decompose during heating enabling the nanoparticles to 
sinter together. In one embodiment, the nanoparticles are 
generated in-situ and are coated With a polymer. Preferred 
coatings for nanoparticles according to the present invention 
include sulfonated per?uorohydrocarbon polymer (e.g., 
NAFION, available from E.I. duPont deNemours, Wilming 
ton, Del.) polystyrene, polystyrene/methacrylate, polyvinyl 
pyrolidone, sodium bis(2-ethylhexyl) sulfosuccinate, tetra 
n-octyl-ammonium bromide and alkane thiolates. 

[0067] The particles that are useful With the present inven 
tion can also be “capped” With other compounds. The term 
capped refers to having compounds bonded to the outer 
surface of the particles Without necessarily creating a coat 
ing over the outer surface. The particles used With the 
present invention can be capped With any functional group 
including organic compounds such as polymers, organome 
tallic compounds, and metal organic compounds. These 
capping agents can serve a variety of functions including the 
prevention of agglomeration of the particles, prevention of 
oxidation, enhancement of bonding of the particles to a 
surface, and enhancement of the ?oWability of the particles 
in a precursor composition. Preferred capping agents that are 
useful With the particles of the present invention include 
amine compounds, organometallic compounds, and metal 
organic compounds. 

[0068] The particulates in accordance With the present 
invention can also be composite particles Wherein the par 
ticles include a ?rst phase and a second phase associated 
With the ?rst phase. Preferred composite particulates include 
carbon-metal, carbon-polymer, carbon-ceramic, carbon1 
carbon2, ceramic-ceramic, ceramic-metal, metal1-metal2, 
metal-polymer, ceramic-polymer, and polymer1-polymer2. 
Also preferred are certain 3-phase combinations such as 
metal-carbon-polymer. In one embodiment, the second 
phase is uniformly dispersed throughout the ?rst phase. The 
second phase can be an electronic compound or it can be a 
non-electronic compound. For example, sintering inhibitors 
such as metal oxides can be included as a second phase in 
a ?rst phase of a metallic material, such as silver metal to 
inhibit sintering of the metal Without substantially affecting 
the conductivity. 

[0069] The particulates according to a preferred embodi 
ment of the present invention are also substantially spherical 
in shape. That is, the particulates are not jagged or irregular 
in shape. Spherical particles are particularly advantageous 
because they are able to disperse more readily in a precursor 
composition and impart advantageous ?oW characteristics to 
the precursor composition. For a given level of solids 
loading, a precursor 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 particles. 

[0070] Micron-size particles in accordance With the fore 
going can be produced, for example, by spray pyrolysis. 
Spray pyrolysis for production of micron-siZe particles is 
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described in US. Pat. No. 6,338,809 by Hampden-Smith, et 
al., Which is incorporated herein by reference in its entirety. 

[0071] The application of passive electronic components 
on ?exible and/or loW temperature substrates such as poly 
imide requires neW approaches and concepts for the devel 
opment of suitable precursor chemistries and formulations. 
For example, loW temperature substrate materials require 
loW precursor conversion temperatures. 

[0072] One method according to the present invention for 
formulating compositions for fabrication of resistor and 
dielectric circuit components utiliZes suitable molecular 
precursors that can be converted to functional materials at 
relatively loW temperatures. Some progress has been made 
in the development of metal organic precursors for printing 
conductors, dielectrics and resistors. See, for example, 
“Chemical aspects of solution routes to perovskite-phase 
mixed-metal oxides from metal-organic precursors”, C. D. 
Chandler, C Roger, and M. J. Hampden-Smith, Chem. Rev 
.93, 1205-1241 (1993). The molecular precursor should 
convert to the desired material (e.g., a conductive, resistive 
or insulative phase) at a loW temperature. The molecular 
precursors should be easy to synthesiZe, be environmentally 
benign, provide clean elimination of inorganic or organic 
ligands and be compatible With other precursor composition 
constituents. Other factors are solubility in, various solvents, 
stability during the deposition process, homogeneous phase 
formation, good adhesion to the substrate, high yield, and 
long shelf life. If a laser is used for precursor conversion, the 
precursor should be highly absorptive at the laser Wave 
length being used to promote e?icient laser energy coupling 
alloWing for decomposition at loW laser poWer. This Will 
prevent substrate damage during laser processing. 

[0073] The metal-ligand bond is a key factor in selecting 
metal organic molecular precursors. For the formation of 
conductive phases in loW-ohm resistors, this bond should be 
reactive enough to permit complete elimination of the ligand 
during formation of metallic features for conductors like 
silver, gold, nickel, copper, palladium, platinum or alloys of 
these elements. Preferred precursor families include metal 
carboxylates, alkoxides, and diketonates including at least 
one metal oxygen bond. Depending on the metal, thiolates 
and amines can be speci?cally tailored to the required 
characteristics. 

[0074] Deposition of electro-ceramic materials for dielec 
tric and resistor applications requires precursors that are able 
to undergo clean and loW temperature transformation to 
single oxides or mixed oxides. This is required to mimic the 
high-?re compositions currently being used in the electronic 
industry. Typical reaction mechanisms involved for these 
metal oxide based formulations are condensation, polymer 
iZation, or elimination reactions of alkoxides typically used 
in sol-gel processes. Other reaction routes involve ether, 
carboxylic anhydride, or ester elimination. 

[0075] The present invention is also directed to combina 
tions of precursors, additives and solvents for the conversion 
to the ?nal material at loW temperatures. Even if a conver 
sion at loW temperature With complete elimination of 
byproducts can be achieved, metal oxide materials may still 
need some higher temperature treatment for proper crystal 
liZation and consolidation. In contrast, important metals like 
silver, gold, palladium and copper can be deposited and 
converted according to the present invention using carefully 
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designed precursor compositions at temperatures below 
200° C., in some cases even below 150° C. With good 
adhesion to polymeric substrates such as polyimide sub 
strates. 

[0076] Particularly preferred precursor compositions for 
dielectric and resistive features are described more fully 
beloW. 

[0077] The precursor compositions according to the 
present invention can include molecular precursors to a 
metallic phase, either alone or in combination With particles. 
For example, loW-ohm resistors often include a conductive 
metallic phase. Preferred examples include precursors to 
silver (Ag), nickel (Ni), platinum (Pt), gold (Au), palladium 
(Pd), copper (Cu), indium (In) and tin (Sn). Other molecular 
metal precursors can include precursors to aluminum (Al), 
Zinc (Zn), iron (Fe), tungsten (W), molybdenum (Mo), 
ruthenium (Ru), lead (Pb), bismuth (Bi) and similar metals. 
The molecular metal precursors can be either soluble or 
insoluble in the precursor composition. 

[0078] In general, metal precursor compounds that elimi 
nate ligands by a radical mechanism upon conversion to 
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metal are preferred, especially if the species formed are 
stable radicals and therefore loWer the decomposition tem 
perature of that precursor. 

[0079] Furthermore, molecular metal precursors contain 
ing ligands that upon precursor conversion eliminate cleanly 
and escape completely from the substrate (or the formed 
functional structure) are preferred because this does not 
form carbon contamination or contamination by anionic 
species such as nitrates. Therefore, preferred precursors for 
metals as used for example in conductors or resistors are 
carboxylates, alkoxides or combinations thereof that convert 
to metals, metal oxides or mixed metal oxides by eliminating 
small molecules such as carboxylic acid anhydrides, ethers 
or esters. Carboxylates, particularly halogenocarboxylates 
such as ?uorocarboxylates, are also advantageous due to 
their high solubility. 

[0080] Silver is a particularly preferred conductive phase 
material according to the present invention. Examples of 
silver metal precursors that can be used in the precursor 
compositions according to the present invention are illus 
trated in Table 1. 

TABLE 1 

Silver Precursor MolecularCompounds 

General Class Examples Chemical Formula 

Nitrates Silver nitrate AgNO3 
Nitrites Silver nitrite AgNO2 
Oxides Silver oxide AgZO, AgO 
Carbonates Silver carbonate Ag2CO3 
Oxalates Silver oxalate Ag2C2O4 
(Pyrazolyl)borates Silver trispyrazolylborate Ag[(N2C3H3)3]BH 

Silver Ag[((CH3)2N2C3H3)3]BH 
tris(dimethylpyrazolyl)borate 

Azides Silver aZide AgN3 
Fluoroborates Silver tetra?uoroborate AgBF4 
Carboxylates Silver acetate AgO2CCH3 

Silver propionate AgO2CC2H5 
Silver butanoate AgO2CC3H7 
Silver ethylbutyrate AgO2CCH(C2H5)C2H5 
Silver pivalate AgO2CC(CH3)3 
Silver cyclohexanebutyrate AgO2C(CH2)3C6HU 
Silver ethylhexanoate AgO2CCH(C2H5)C4Hg 
Silver neodecanoate AgO2CC9H19 

Halogenocarboxylates Silver tri?uoroacetate AgO2CCF3 
Silver penta?uoropropionate AgO2CC2F5 
Silver hepta?uorobutyrate AgO2CC3F7 
Silver trichloroacetate AgO2CCCl3 
Silver 6,6,7,7,8,8,8- AgFOD 
hepta?uoro—2,2—dimethyl-3,5 
octanedionate 

Aminocarboxylates Silver glyconate 
Hydroxycarboxylates Silver lactate AgO2CH(OH)CH3 

Silver citrate Ag3C6H5O7 
Silver glycolate AgOOCCH(OH)CH3 

Aromatic and nitro Silver benzoate AgO2CCH2C6H5 
and/or ?uoro substituted Silver phenylacetate AgOOCCH2C6H5 
aromatic Carboxylates Silver nitrophenylacetates AgOOCCH2C6H4NO2 

Silver dinitrophenylacetate AgOOCCH2C6H3(NO2)2 
Silver di?uorophenylacetate AgOOCCH2C6H3F2 
Silver 2-?uoro-5-nitrobenzoate AgOOCC6H3(NO2)F 

Beta diketonates 

Silver sulfonates 

Silver acetylacetonate 
Silver Ag[CF3COCH:C(Oi)CF3] 
hexa?uoroacetylacetonate 
Silver tri?uoroacetylacetonate Ag[CH3COCH:C(Oi)CF3] 
Silver tosylate AgO3SC6H4CH3 
Silver tri?ate AgO3SCF3 
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[0081] In addition to the foregoing, complex silver salts 
containing neutral inorganic or organic ligands can also be 
used as molecular metal precursors. These salts are usually 
in the form of nitrates, halides, perchlorates, hydroxides or 
tetra?uoroborates. Examples are listed in Table 2. 

TABLE 2 

Complex Silver Salt Precursors 

Class Examples (Cation) 

or aromatic 

N-Heterocycles [Ag(L)X]*, (L = aziridine, pyrrol, indol, piperidine, 
pyridine, aliphatic substituted and amino substituted 
pyridines, imidazole, pyrimidine, piperazine, triazoles, 
etc.) 

Amino alcohols [Ag(L)X]*, L = Ethanolamine 
Amino acids [Ag(L)X]+, L = Glycine 
Acid amides [Ag(L)X]*, L = Formamides, acetamides 
Nitriles [Ag(L)X]*, L = Acetonitriles 

[0082] The molecular metal precursors can be utiliZed in 
an aqueous-based solvent or an organic solvent. Preferred 
molecular metal precursors for silver in an organic solvent 
include Ag-nitrate, Ag-neodecanoate, Ag-tri?uoroacetate, 
Ag-acetate, Ag-lactate, Ag-cyclohexanebutyrate, Ag-car 
bonate, Ag-oxide, Ag-ethylhexanoate, Ag-acetylacetonate, 
Ag-ethylbutyrate, Ag-penta?uoropropionate, Ag-benZoate, 
Ag-citrate, Ag-hepta?uorobutyrate, Ag-salicylate, Ag-de 
canoate and Ag-glycolate. Among the foregoing, particu 
larly preferred molecular metal precursors for silver include 
Ag-acetate, Ag-nitrate, Ag-tri?uoroacetate and Ag-neode 
canoate. Most preferred among the foregoing silver precur 
sors are Ag-tri?uoroacetate and Ag-neodecanoate. The pre 
ferred precursors generally have a high solubility and high 
metal yield. For example, Ag-tri?uoroacetate has a solubility 
in dimethylacetamide of about 78 Wt. % and Ag-tri?uoro 
acetate is a particularly preferred silver precursor according 
to the present invention. 

[0083] Preferred molecular silver precursors for aqueous 
based solvents include Ag-nitrates, Ag-?uorides such as 
silver ?uoride or silver hydrogen ?uoride (AgHFZ), Ag 
thiosulfate, Ag-tri?uoroacetate and soluble diamine com 
plexes of silver salts. 

[0084] Silver precursors in solid form that decompose at a 
loW temperature, such as not greater than about 200° C., can 
also be used. Examples include Ag-oxide, Ag-nitrite, Ag 
carbonate, Ag-lactate, Ag-sul?te and Ag-citrate. 

[0085] When a more volatile molecular metal silver pre 
cursor is desired, the precursor can be selected from alkene 
silver betadiketonates, R2(CH)2Ag([R'COCH=C(Oi 
)CR"] Where R=methyl or ethyl and R', R"=CF3, C2135, C3137, 
CH3, CmH2+1 (m=2 to 4), or trialkylphosphine and tri 
arylphosphine derivatives of silver carboxylates, silver beta 
diketonates or silver cyclopentadienides. 

[0086] Nickel is also a useful metal according to the 
present invention. Molecular metal precursors for nickel that 
are preferred are illustrated in Table 3. A particularly pre 
ferred nickel precursor for use With an aqueous-based sol 
vent is Ni-acetylacetonate. 
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TABLE 3 

Molecular Metal Precursors for Nickel 

General Class Example Chemical Formula 

Inorganic Salts Ni-nitrate Ni(NO3)2 
Ni-sulfate NiSO4 
Nickel amine [Ni(NH3)6]“+ (n = 2, 3) 
complexes 
Ni-tetra?uoroborate Ni(BF4)2 

Metal Organics Ni-oxalate NiC2O4 
Alkoxides, Beta- Ni-isopropoxide Ni(OC3H7)2 
diketonates, Ni-methoxyethoxide Ni(OCH2CH2OCH3)2 
Carboxylates, 
Fluorocarboxylates 

Ni-hexa?uoro 

Ni-acetylacetonate [Ni (acac)2]3 Or 
Ni(acac)2(H2O)2 

acetylacetonate 
Ni-formate Ni(O2CH)2 
Ni-acetate Ni(O2CCH3)2 
Ni-octanoate Ni(O2CC7H15)2 
Ni-ethylhexanoate 
Ni-tri?uoroacetate 

[0087] Platinum is also a useful metal and various molecu 
lar metal precursors can be used for platinum metal. Pre 
ferred molecular metal precursors include ammonium salts 
of platinum such as ammonium hexachloro platinate 
(NH4)2PtCl6, and ammonium tetrachloro platinate 
(NH4)2PtCl4; sodium and potassium salts of halogeno, 
pseudohalogeno or nitrito platinates such as potassium 
hexachloro platinate K2PtCl6, sodium tetrachloro platinate 
Na2PtCl4, potassium hexabromo platinate K2PtBr6, potas 
sium tetranitrito platinate K2Pt(NO2)4; dihydrogen salts of 
hydroxo or halogeno platinates such as hexachloro platinic 
acid H2PtCl6, hexabromo platinic acid H2PtBr6, dihydrogen 
hexahydroxo platinate H2Pt(OH)6; diamine and tetraamine 
platinum compounds such as diamine platinum chloride 
Pt(NH3)2Cl2, tetraamine platinum chloride [Pt(NH3)4]Cl2, 
tetraamine platinum hydroxide [Pt(NH3)4](OH)2, tetraamine 
platinum nitrite [Pt(NH3)4](NO2)2, tetramine platinum 
nitrate Pt(NH3)4(NO2)2, tetramine platinum bicarbonate 
[Pt(NH3)4](HCO3)2, tetraamine platinum tetrachloroplati 
nate [Pt(NH3)4]PtCl4; platinum diketonates such as plati 
num (ll) 2,4-pentanedionate Pt(C5H7O2)2; platinum nitrates 
such as dihydrogen hexahydroxo platinate H2Pt(OH)6 acidi 
?ed With nitric acid; other platinum salts such as Pt-sul?te 
and Pt-oxalate; and platinum salts comprising other N-donor 
ligands such as [Pt(CN)6]4+. 
[0088] Platinum precursors useful in organic-based pre 
cursor compositions include Pt-carboxylates or mixed car 
boxylates. Examples of carboxylates include Pt-formate, 
Pt-acetate, Pt-propionate, Pt-benZoate, Pt-stearate, and Pt 
neodecanoate. Other precursors useful in organic precursor 
compositions include aminoorgano platinum compounds 
including Pt(diaminopropane)(ethylhexanoate). 
[0089] Preferred combinations of platinum precursors and 
solvents include: PtCl4 in H2O; Pt-nitrate solution from 
H2Pt(OH)6; H2Pt(OH)6 in H2O; HZPtCl6 in H20; and 
[Pt(NH3)4](NO3)2 in H2O~ 
[0090] Gold is another useful metal and gold precursors 
that are particularly useful for aqueous based systems 
include Au-chloride (AuCl3) and tetrachloric auric acid 
(HAuCl4). 
[0091] Gold precursors useful for organic based formula 
tions include: Au-thiolates, Au-carboxylates such as Au 
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acetate Au(O2CCH3)3; aminoorgano gold carboxylates such 
as imidaZole gold ethylhexanoate; mixed gold carboxylates 
such as gold hydroxide acetate isobutyrate; Au-thiocarboxy 
lates and Au-dithiocarboxylates. 

[0092] In general, preferred gold molecular metal precur 
sors for loW temperature conversion are compounds com 
prising a set of different ligands such as mixed carboxylates 
or mixed alkoxo metal carboxylates. As one example, gold 
acetate isobutyrate hydroxide decomposes at 155° C., a 
loWer temperature than gold acetate. As another example, 
gold acetate neodecanoate hydroxide decomposes to gold 
metal at even loWer temperature, 1250 C. Still other 
examples can be selected from gold acetate tri?uoroacetate 
hydroxide, gold bis(tri?uoroacetate) hydroxide and gold 
acetate pivalate hydroxide. 

[0093] Other useful gold precursors include Au-aZide and 
Au-isocyanide. When a more volatile molecular gold pre 
cursor is desired the precursor can be selected from: 

[0094] dialkyl and monoalkyl gold 
RHAu(O2CR')n (n=1,2) 

[0095] R=methyl, ethyl; R'=CF3, C2135, C3137, CH3, 
CmH2rn+1 (m=2'9) 

[0096] dialkyl and monoalkyl gold beta diketonates, 
R3_nAu [R'COCH=C(Oi)CR"]n (n=1,2), R=methyl, 

R's R"=CF3: C2135: C3137: CH3: CrnH2rn+1 (m=2_4) 
[0097] dialkyl and 
RHAu(OR')n (n=l,2) 

[0098] R=methyl, ethyl; R'=CF3, C2135, C3137, CH3, 
CmH2m+l (m=2-4), SiR3" (R"=methyl, ethyl, propyl, iso 
propyl, n-butyl, isobutyl, tert. Butyl) 

carboxylates, 

monoalkyl gold alkoxides, 

[0099] phosphine gold complexes: 
[0100] RAu(PR'3) R, R'=methyl, ethyl, propyl, isopro 

pyl, n-butyl, isobutyl, tert. Butyl, 

[0101] R3Au(PR'3) R, R'=methyl, ethyl, propyl, isopropyl, 
n-butyl, isobutyl, tert. butyl. 

[0102] Palladium is another useful metal and particularly 
useful molecular precursors to palladium for organic based 
precursor compositions according to the present invention 
include Pd-carboxylates, including Pd-?uorocarboxylates 
such as Pd-acetate, Pd-propionate, Pd-ethylhexanoate, Pd 
neodecanoate and Pd-tri?uoroacetate as Well as mixed car 

boxylates such as Pd(OOCH)(OAc), Pd(OAc)(ethylhex 
anoate), Pd(ethylhexanoate)2, Pd(OOCH)1_5 
(ethylhexanoate)O_5, Pd(OOCH)(ethylhexanoate), Pd(OOC 
CH(OH)CH(OH)COOH)m (ethylhexanoate), Pd(OPr)2, 
Pd(OAc)(OPr), Pd-oxalate, 
Pd(OOCCHO)m(OOCCH2OH)n=(Glyoxilic palladium gly 
colate and Pd-alkoxides). A particularly preferred palladium 
precursor is Pd-tri?uoroacetate. 

[0103] Molecular palladium precursors useful for aqueous 
based precursor compositions include: tetraamine palladium 
hydroxide [Pd(NH3)4](OH)2; Pd-nitrate Pd(NO3)2; Pd-ox 
alate Pd(O2CCO2)2; Pd-chloride PdCl2; Di- and tetraamine 
palladium chlorides, hydroxides or nitrates such as tet 
raamine palladium chloride [Pd(NH3)4]Cl2, tetraamine pal 
ladium hydroxide [Pd(NH3)4](OH)2, tetraamine palladium 
nitrate [Pd(NH3)4](NO3)2, diamine palladium nitrate 
[Pd(NH3)2](NO3)2 and tetraamine palladium tetrachloropal 
ladate [Pd(NH3)4][PdCl4]. 
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[0104] Copper is also a particularly preferred metal 
according to the present invention. When selecting a 
molecular copper precursor compound, it is desired that the 
compound react during processing to metallic copper With 
out the formation of copper oxide or other species that are 
detrimental to the conductivity of the conductive copper 
feature. Some copper molecular precursors form copper by 
thermal decomposition at elevated temperatures. Other 
molecular copper precursors require a reducing agent to 
convert to copper metal. Reducing agents are materials that 
are oxidiZed, thereby causing the reduction of another sub 
stance. The reducing agent loses one or more electrons and 
is referred to as having been oxidiZed. The introduction of 
the reducing agent can occur in the form of a chemical agent 
(e.g., formic acid) that is soluble in the precursor composi 
tion to afford a reduction to copper either during transport to 
the substrate or on the substrate. In some cases, the ligand of 
the molecular copper precursor has reducing characteristics, 
such as in Cu-formate or Cu-hypophosphite, leading to 
reduction to copper metal. HoWever, formation of metallic 
copper or other undesired side reactions that occur prema 
turely in the ink or precursor composition should be avoided. 

[0105] Accordingly, the ligand can be an important factor 
in the selection of suitable copper molecular precursors. 
During thermal decomposition or reduction of the precursor, 
the ligand needs to leave the system cleanly, preferably 
Without the formation of carbon or other residues that could 
be incorporated into the copper feature. Copper precursors 
containing inorganic ligands are preferred in cases Where 
carbon contamination is detrimental. Other desired charac 
teristics for molecular copper precursors are loW decompo 
sition temperature or processing temperature for reduction to 
copper metal, high solubility in the selected solvent/vehicle 
to increase metallic yield and achieve dense features and the 
compound should be environmentally benign. 

[0106] Preferred copper metal precursors according to the 
present invention include Cu-formate and Cu-neodecanoate. 
Molecular copper precursors that are useful for aqueous 
based precursor compositions include: Cu-nitrate and amine 
complexes thereof; Cu-carboxylates including Cu-formate 
and Cu-acetate; and Cu beta-diketonates such as 
Cu-hexa?uoroacetylacetonate and copper salts such as Cu 
chloride. 

[0107] Molecular copper precursors generally useful for 
organic based precursor compositions include: Cu-carboxy 
lates and Cu-?uorocarboxylates such as Cu-ethylhexanoate; 
Cu-neodecanoate; Cu-methacrylate; Cu-tri?uoroacetate; 
Cu-hexanoate; and copper beta-diketonates such as cyclooc 
tadiene Cu-hexa?uoroacetylacetonate. Among the forego 
ing, Cu-formate is particularly preferred as it is highly 
soluble in Water and results in the in-situ formation of formic 
acid, Which is an effective reducing agent. 

[0108] Copper precursors useful in this invention can also 
be categorized as copper I and copper 11 compounds. They 
can be categorized as inorganic, metal organic, and organo 
metallic. They can also be categoriZed as copper hydrides, 
copper amides, copper alkenes, copper allyls, copper car 
bonyls, copper metallocenes, copper cyclopentadienyls, 
copper arenes, copper carbonates, copper hydroxides, cop 
per carboxylates, copper oxides, organo copper, copper 
beta-diketonates, copper alkoxides, copper beta-ketonates, 
copper halides, copper alkyls. The copper compounds can 
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have neutral donor ligands or not have neutral ligands. 
Copper I compounds are particularly useful for dispropor 
tionation reactions. The disproportionation products are cop 
per metal and a copper II compound. In some cases a neutral 
ligand is also a product. 

[0109] In a novel approach, the copper II product can be 
rapidly converted back to a copper I compound using a 
reducing agent. Appropriate reducing agents for reducing 
copper II to copper I are knoWn in the art. Useful reducing 
agents for copper precursors include ethylene diamine, tet 
ramethylethylenediamine, 3 aminopropanol, mono, di and 
triethanolamine. Useful reducing agents are described in 
US. Pat. No. 5,378,508 by Castro et al. Which is incorpo 
rated herein by reference in its entirety. The resulting copper 
I compound reacts further via disproportionation to form 
more copper and copper II compound. Through this 
approach With excess reducing agent, copper I compounds 
can be used to form pure copper metal Without any copper 
II compounds. 

[0110] The copper compounds can also be used as capping 
agents to cap copper particles. The copper particles can be 
nanoparticles. US. Pat. No. 6,294,401 by Jacobsen 
describes capping procedures and is incorporated herein in 
its entirety by reference. 

[0111] As is discussed above, tWo or more molecular 
precursors can be combined to form metal alloys and/or 
metal compounds. Preferred combinations of precursors to 
produce alloys based on silver include: Ag-nitrate and 
Pd-nitrate; Ag-acetate and [Pd(NH3)4](OH)2; Ag-tri?uoro 
acetate and [Pd(NH3)4](OH)2; and Ag-neodecanoate and 
Pd-neodecanoate. One particularly preferred combination of 
molecular precursors is Ag-tri?uoroacetate and Pd-tri?uo 
roacetate. Other preferred alloys include Ag/Pt and Ag/Cu. 

[0112] To form alloys, the tWo (or more) molecular metal 
precursors should have similar decomposition temperatures 
to avoid the formation of one of the metal species before 
formation of the other species. Preferably, the decomposi 
tion temperatures of the different molecular metal precursors 
are Within 50° C., more preferably Within 250 C. 

[0113] Some applications require the utiliZation of a trans 
parent or semi-transparent conductive feature. For example, 
indium tin oxide (ITO) is useful for the formation of 
transparent conductive features, such as for use in display 
applications. Antimony tin oxide (ATO) is useful as a color 
tunable oxide layer that is useful in electrochromic applica 
tions. 

[0114] Such transparent conductive features can also be 
fabricated according to the present invention. For ITO, 
useful molecular metal precursors for indium include: In 
nitrate; In-chloride; In-carboxylates such as In-acetate; In 
propionates including ?uoro, chloro or bromo derivatives 
thereof; beta diketonates such as In-acetylacetonate, In 
hexa?uoroacetylacetonate and In-tri?uoroacetylacetonate; 
pyraZolyl borohydrides such as II1(PZ)3BH, In-alkoxides and 
In-?uoroalkoxides; and In-amides. Mixed alkoxo In-car 
boxylates such as indium isopropoxide ethylhexanoate are 
also useful. 

[0115] Useful molecular metal precursors for tin in ITO or 
ATO include: Sn-halides such as Sn-tetrachloride; 
Sn-dichloride; Sn-carboxylates such as Sn-acetate or Sn 
ethylhexanoate; Sn-alkoxides such as Sn(OtBu)4; Sn-hy 
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droxycarboxylates such as Sn-glycolate; and beta diketo 
nates such as Sn-hexa?uoroacetylacetonate. 

[0116] Useful molecular metal precursors for antimony 
include: Sb-trichloride; antimony carboxylates such as Sb 
acetate or Sb-neodecanoate; antimony alkoxides such as 
Sb-methoxide, Sb-ethoxide, Sb-butoxide. 

[0117] In one embodiment, the present invention relates to 
precursor compositions for loW-ohm, mid-ohm, and high 
ohm resistors. As used herein, a loW-ohm resistor has a 
resistance of not greater than about 10 Q/square, such as 
from about 0.2 to about 10 9/ square. Amid-ohm resistor has 
a resistance of from about to about 10 Q/square to about 
10,000 9/ square and a high-ohm resistor has a resistivity of 
at least about 10,000 Q/square. Table 4 illustrates the 
conversion of material resistivity to resistance for different 
feature thickness. 

TABLE 4 

Conversion of Sheet Resistance 

Resistivity 
(119) 

Sheet Resistance 2 pm thickness 4 pm thickness 6 pm thickness 

1 Q/square 200 400 600 
100 Q/square 20,000 40,000 60,000 

10,000 Q/square 2 X 106 4 X 106 6 X 106 

[0118] These resistors can include various combinations 
of conductive phases, resistive phases and insulative phases. 
As used herein, a conductive phase or conductor is a metal 
or metallic phase that has a very loW electrical resistivity, 
such as less than about 25 uQ-cm. A resistive phase is a 
material that has a resistivity of from about 25 uQ-cm to 
about 100,000,000 uQ-cm (i.e., 100 uQ-cm). Such materials 
are sometimes referred to as semiconductors, and typically 
have a resistivity in the range of 30 uQ-cm to 30,000 uQ-cm. 
As used herein, an insulating phase or insulator is a material 
that has a resistivity of greater than 100 uQ-cm, and typi 
cally has a resistivity of at least about 106 Q-cm or higher. 
The major classes of resistive phase materials for mid-ohm 
to high-ohm resistors include metal rutile, pyrochlore, and 
perovskite phase compounds, many of Which contain ruthe 
nium. Examples include RuO2, Pb2Ru2O7_X (Where x is 0 to 
1), SrRuO3. Other metallic oxides Which behave similarly to 
these ruthenates may be used. Substitutions for Ru can 
include Ir, Rh or Os. La and Ta compounds can also be used. 
Other resistive phases include materials such as carbon, Zinc 
oxide, indium oxide, ITO and conductive glasses. The 
resistivity of certain of these materials is listed in Table 5. 

TABLE 5 

Resistivi? of Various Resistive Materials 

Resistivity at 300 K 
Structure Oxide (HQ-cm) 

Rutile RuO2 35 
I102 49 
R11203 <100 

Pyrochlore BiRu2O7 23,000 
Bi2Rh2O6_8 3200 
Bi2Ir2O7 1500 
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TABLE 5-continued 

Resistiviy of Various Resistive Materials 

Resistivity at 300 K 
Structure Oxide (HQ-cm) 

PbRu2O6 20,000 
Pb2Ru2O6_5 500 
PbRh2O7 600,000 
Pb2IrO6_5 150 
Pb2Os2O7 400 
Ti2Ru2O7 15,000 
TiIr2O7 1500 
Ti2Rl12O7 600 
Ti2Os2O7 180 

Perovskite LaRuO3 4500 
Laojsrojkuo3 5600 
CaRuO3 3700 
SrRuO3 2000 
BaRuO3 1800 

[0119] Insulative phases of the resistor may be formed 
from many types of glass materials including, but not limited 
to, lead borosilicate glass compositions. 

[0120] The present invention is also directed to novel 
combinations of molecular precursors that can be converted 
to a useful resistor at loWer reaction temperatures than by 
using individual precursors. In one embodiment, a mixture 
of metal oxide precursors is dissolved in an aqueous solution 
to form an amorphous lead Zinc aluminum borosilicate glass 
With a ruthenate constituent at 300° C. This composition 
includes ruthenium nitrosyl nitrate precursor plus lead 
acetate precursor to form a lead ruthenate conductive phase, 
With lead acetate, aluminum nitrate, boric acid, Zinc acetate 
and fumed silica nanoparticles forming the glass phase. A 
preferred combination for an organic based precursor com 
position includes ruthenium ethylhexanoate With other metal 
ethylhexanoates for lead, aluminum, Zinc, boron and some 
silica nanoparticles or silane precursor in a solvent such as 
N,N-dimethylacetamide (DMAc) or tetrahydrofuran (THF), 
discussed in more detail beloW. Precursors for insulative 
matrix phases include organosilanes and sol-gel type mate 
rials as precursors to silica. An insulative matrix can also be 
derived from polymer precursors such as polyamic acid. 
Other polymer matrix phases include a Wide variety of 
polymer resins. 

[0121] The resistor precursor compositions can include 
various molecular precursors. The precursors can include 
molecules that can be converted to metals, metal oxides, 
glasses, polymers and combinations thereof. LoW-ohm 
resistors typically include a conductive phase such as silver 
metal With controlled amounts of an insulative phase such as 
a glass or metal oxide. Typically, the loW-ohm resistors 
include at least 50 volume percent of an insulative phase. 
High-ohm resistors typically include a resistive oxide phase 
(e.g., a ruthenate compound) With controlled amounts of an 
insulative phase. The resistor precursor compositions of the 
present invention can therefore include molecular metal 
precursors to metallic conductive phases (discussed above) 
and molecular precursors to insulative phases. 

[0122] Depending on their nature, the molecular metal 
precursors to the metal oxide resistive and/or insulative 
phases can react in the folloWing Ways: 
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Hydrolysis/ Condensation: 

M(OR)n+H2O—>[MOX(OR)n,X]+MOy 
Anhydride Elimination: 

Ketone Elimination: 

M(OOCR)(R')—>MOY+R'RCO 
Ester Elimination: 

Alcohol-induced Ester Elimination: 

M(OAc)n+HOR—>[MOX(OAc)nrx]—>MOy 
Small Molecule-induced Oxidation: 

M(OOCR)+Me3NO—>MOy+Me3N+CO2 
Alcohol-induced Ester Elimination: 

M02CR+HOR—>MOH+RCO2R(ester) MOH—>MO2 

Ester Elimination: 

M02CR+MOR—>MOM+RCO2R(ester) 

Condensation Polymerization: 

[0123] A particularly preferred approach is ester elimina 
tion. 

[0124] Preferred precursors to metallic conductive phases 
in resistor precursor compositions are discussed above and 
include metal alkoxides, carboxylates and acetylacetonates 
and others. 

[0125] Ruthenates are typically used as a resistive phase in 
resistors for their temperature stability over a useful range of 
temperatures. Particularly preferred ruthenate precursors are 
ruthenium compounds such as Ru-nitrosylnitrate, Ru-ethyl 
hexanoate and other ruthenium resinate materials. Other 
preferred combinations of precursors are any of the ruthe 
nium precursors compounds With: lead precursors such as 
Pb-acetate, Pb-nitrate or Pb-ethylhexanoate; bismuth pre 
cursors such as Bi-nitrate, Bi-carboxylates or Bi-beta-dike 
tonates; and strontium precursors such as Sr-nitrate or Sr 
carboxylates. 
[0126] Other precursors to resistive non-ruthenate mate 
rials can be used such as precursors to lrO2, SnO2, ln2O3, 
LaB6, TiSi2 or TaN. 

[0127] Precursors to insulative phases include precursors 
to PbO, B2O3, SiO2 and A1203. Such insulative phase 
precursors can include boric acid, Si-alkoxides such as 
silicon methoxide and silicon ethoxide, Al-nitrate, Al-eth 
ylhexanoate or other Al-carboxylates. Other insulative phase 
molecular precursors include organic titanates such as tita 
nium bis(ammonium lactato) dihydroxide; mixed alkoxo 
titanium carboxylates such as dimethoxy titanium bis(neo 
decanoate) or dibutoxy titanium bis(neodecanoate). The 
ratio of the insulative phase to the conductive phase can be 
adjusted to obtain a resistor having the desired properties. 

[0128] For dielectric materials, the formation of carbon 
during the conversion of a metal-organic precursor com 
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pound should be avoided because it Will lead to a high 
degree of dielectric loss. Further, many high-k dielectric 
compositions contain barium. When processed in air, barium 
precursors are susceptible to formation of barium carbonate 
and once barium carbonate is formed, it cannot be converted 
to an oxide below 10000 C. Therefore, barium carbonate 
formation should be avoided. It is also knoWn that hydroxyl 
groups are an important source of loss in dielectric metal 
oxides and the condensation reactions to convert metal 
hydroxides to metal oxides are not complete until 8000 C. 
(for isolated surface hydroxyl groups). The present inven 
tion includes the use of molecular precursors for dielectric 
precursor compositions that avoid hydrolytic-based chem 
istry such as sol-gel-based hydrolysis and condensation 
routes. 

[0129] For dielectric features With loW dielectric loss and 
high dielectric constant, the incorporation or porosity is 
detrimental to the performance of these features as a result 
of the high internal surface area and the contribution of the 
dielectric properties of the material trapped inside the pores, 
especially if the material is air. Therefore, porosity should be 
reduced to a minimum. 

[0130] The metal oxide phases that lead to the desired 
dielectric properties require that the material be highly 
crystalline. These metal oxides do not crystallize until a high 
temperature and so a strategy that relies on a loW precursor 
composition that only contains precursor to the ?nal phase 
Will have both a loW ceramic yield and a poor crystallinity. 
Conversely, a strategy relying on only particulate material 
Will likely provide high porosity if processed below 3000 C. 

[0131] The present invention includes dielectric precursor 
compositions that address these issues and are processable at 
loW temperatures to form high performance dielectric fea 
tures. The compositions can include a large volume and 
mass fraction of a highly crystalline, high performance 
dielectric poWder such as BaTiO3 or BaNd2Ti5Ol4 that has 
the desired dielectric constant, has a loW temperature coef 
?cient and has a loW dielectric loss. The precursor compo 
sition can include a smaller fraction of a molecular precursor 
to the same or another material, preferably having the 
folloWing characteristics: 

[0132] Avoid the intermediate formation of hydroxyl 
groups; 

[0133] Have ligands that are designed to react preferen 
tially in a Way to give a single-phase complex stoichiom 
etry product rather than a mixture of a number of different 
crystalline phases; 

[0134] Can be processed to form a crystalline phase at loW 
temperatures ; 

[0135] Have high ceramic yield; 

[0136] Which result in a good dielectric constant, loW loss 
and-small temperature coef?cient contribution. 

[0137] An example of such a target phase is TiO2 or 
ZrO.4OSnO.66TiO.94O2' 
[0138] One embodiment of the present invention utiliZes 
novel combinations of molecular precursors that provide 
loWer reaction temperatures than can be obtained through 
individual precursors. The precursor compositions can 
include molecular precursors that can be converted to met 
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als, metal oxides, glasses, polymers and combinations 
thereof. The dielectric precursor compositions of the present 
invention can include novel combinations of precursors that 
provide loWer reaction temperatures to form dielectric fea 
tures than can be obtained through the use of individual 
precursors. An example of one such combination is Sn, Zr, 
and Ti oxide precursors. 

[0139] Depending on their nature, the molecular precur 
sors to a dielectric phase can react in the folloWing Ways: 

Hydrolysis/ Condensation: 

M(OR)H+H2O—>[MOX(OR)H,X]+MOy 
Anhydride Elimination: 

Ketone Elimination: 

M(OOCR)(R')—>MOY+R'RCO 
Ester Elimination: 

Alcohol-induced Ester Elimination: 

M(OAe)H+HOR—>[MOX(OAe)H,X]—>MOy 
Small Molecule-induced Oxidation: 

M(OOCR)+Me3NO—>MOy+Me3N+CO2 
Alcohol-induced Ester Elimination: 

MO2CR+HOR—>MOH+RCO2R (ester) MOH—>MO2 

Ester Elimination: 

MO2CR+MOR—>MOM+RCO2R (ester) 

Condensation Polymerization: 

[0140] A particularly preferred approach is ester elimina 
tion, including a sol-gel process utiliZing alcohol ester 
elimination. One preferred combination of precursors to a 
high-k dielectric phase is Sn-ethylhexanoate, Zr-ethylhex 
anoate and dimethoxy titanium neodecanoate. These precur 
sors and other ethylhexanoate precursors can be advanta 
geously used in an organic based precursor formulation. In 
this case, the presence of metal alkoxides precludes the use 
of Water. The nature and the ratio of the ligands used in these 
precursors are critical to achieve a loW conversion tempera 
ture. Generally, small ligands that can escape cleanly With 
out leaving carbon residue during conversion are preferred. 
For example, this can be achieved by formation of ethers 
from alkoxide ligands or by formation of anhydrides from 
carboxylates. Another preferred combination is the use of a 
mixed ligand system such as a carboxylate and an alkoxide 
that can be bound to either the same or different metal 
centers. Upon conversion, the metal oxygen bonds are 
broken and small molecules are eliminated. A carboxylate to 
alkoxide ratio of about 1:1 is particularly preferred because 
of the formation of organic esters at loWer temperatures. 

[0141] In accordance With the foregoing, useful molecular 
precursors for dielectric precursor compositions (Where 
metal=Sn, Zr, Ti, Ba, Ca, Nd, Sr, Pb, Mg) include: 
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[0142] 1) Metal alkoxides such as Sn-ethoxide, Zr-pro 
poxide, Pb-butoxide, Pb-isopropoxide and Sn-neode 
canoate; 

[0143] 2) Metal carboxylates, such as metal ?uorocar 
boxylates, metal chlorocarboxylates, metal hydroxocar 
boxylates. Speci?c examples include Ba-acetate, Sn-eth 
ylhexanoate, and Pb-carboxylates such as Pb-acetate, 
Pb-tri?uoroacetate and Pb-ethylhexanoate. 

[0144] 3) Metal betadiketonates. Examples include Pb 
betadiketonates such as Pb-acetylacetonate and 
Pb-hexa?uoroacetylacetonate. 

[0145] 4) Mixed alkoxo metal carboxylates (Where metal= 
Sn, Zr, Ti, Ba, Ca, Nd, Sr, Pb, Mg) are also useful. An 
example is dimethoxy titanium neodecanoate. Dialkoxo 
titanium dicarboxylate precursors in the dielectric precur 
sor compositions can also serve as an adhesion promoter. 

[0146] Preferred insulative phase molecular precursors 
include organic titanates such as titanium bis(ammonium 
lactato) dihydroxide; mixed alkoxo titanium carboxylates 
such as dimethoxy titanium bis(neodecanoate) or dibutoxy 
titanium bis(neodecanoate); silicon alkoxides such as silicon 
methoxide and silicon ethoxide. Preferred dielectric phase 
precursors include metal koxides, carboxylates and beta 
diketonates to form the mixed metal oxide as listed above. 

[0147] The precursor compositions according to the 
present invention preferably also include a solvent capable 
of solubiliZing the molecular precursor discussed above. The 
solvent can be Water, thereby forming an aqueous-based 
precursor composition. Water is more environmentally 
acceptable than organic solvents. HoWever, Water cannot 
typically be used for deposition of the precursor composition 
onto hydrophobic substrates, such as tetra?uoroethylene 
?uorocarbon substrates (e.g. TEFLON, E.I. duPont deN 
emours, Wilmington, Del.) Without modi?cation of the 
substrate or the composition. 

[0148] The solvent can also be an organic solvent, by itself 
or in addition to Water. The selected solvent should be 
capable of solubiliZing the selected molecular precursor to a 
high level. A loW solubility of the molecular precursor in the 
solvent can lead to loW yields of the solid material, thin 
deposits and porous layers. The precursor compositions of 
the present invention can exploit combinations of solvents 
and precursors that advantageously provide high solubility 
of the molecular precursor While still alloWing loW tempera 
ture conversion of the precursor to the desired phase. 

[0149] According to one embodiment of the present inven 
tion, the solubility of the molecular precursor in the solvent 
is preferably at least about 20 Weight percent molecular 
precursor, more preferably at least about 40 Weight percent 
molecular precursor, even more preferably at least about 50 
Weight percent molecular precursor and most preferably at 
least about 60 Weight percent molecular precursor. Such 
high levels of molecular precursor lead to increased yield of 
the desired phase and the ability to deposit features having 
adequate thickness. 

[0150] The solvents can be polar or non-polar. Solvents 
that are useful according to the present invention include 
amines, amides, alcohols, Water, ketones, unsaturated hydro 
carbons, saturated hydrocarbons, mineral acids organic acids 
and bases, Preferred solvents include alcohols, amines, 
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amides, Water, ketone, ether, aldehydes and alkenes. Par 
ticularly preferred organic solvents according to the present 
invention include N,N,-dimethylacetamide (DMAc), dieth 
yleneglycol butylether (DEGBE), ethanolamine and N-me 
thyl pyrrolidone. 

[0151] In some cases, the solvent can be a high melting 
point solvent, such as one having a melting point of at least 
about 30° C. and not greater than about 100° C. In this 
embodiment, the precursor composition can be heated dur 
ing deposition to create a ?oWable state, Whereby the solvent 
solidi?es upon contacting the substrate. Subsequent process 
ing can then remove the solvent by other means and then 
convert the material to the ?nal product, thereby retaining 
resolution. Preferred solvents according to this embodiment 
are Waxes, high molecular Weight fatty acids, alcohols 
acetone, N-methyl-2-pyrrolidone, toluene, tetrahydrofuran 
(THF) and the like. Alternatively, the precursor composition 
may be a liquid at room temperature, Wherein the substrate 
is kept at a loWer temperature beloW the freeZing point of the 
composition. 

[0152] The solvent can also be a loW melting point sol 
vent. A loW melting point is required When the precursor 
composition must remain viscous on the substrate until 
dried. A preferred loW melting point solvent according to 
this embodiment is DMAc, Which has a melting point of 
about —20° C. 

[0153] In addition, the solvent can also be a loW vapor 
pressure solvent. A loWer vapor pressure advantageously 
prolongs the Work life of the precursor composition in cases 
Where evaporation leads to problems such as clogging. A 
preferred solvent according to this embodiment is terpineol. 
Other loW vapor pressure solvents include diethylene glycol, 
ethylene glycol, hexylene glycol, N-methyl-2-pyrrolidone, 
and tri(ethylene glycol) dimethyl ether. 

[0154] The solvent can also be a high vapor pressure 
solvent, such as one having a vapor pressure of at least about 
1 kPa. A high vapor pressure alloWs rapid removal of the 
solvent by drying. High vapor pressure solvents include 
acetone, tetrahydrofuran, toluene, xylene, ethanol, metha 
nol, 2-butanone and Water. 

[0155] The solvent can also be a monomer that converts to 
a polymer When exposed to ultraviolet radiation, such as 
immediately after deposition onto the substrate. 

[0156] The precursor compositions according to the 
present invention can also include a vehicle. As is discussed 
above, a vehicle is a ?oWable medium that facilitates the 
deposition of the precursor composition. In cases Where the 
liquid serves only to carry particles and not to dissolve 
molecular species, the terminology of vehicle is often used 
for the liquid. HoWever, in many precursor compositions, 
the solvent can also be considered the vehicle. Ametal, such 
as silver, can be bound to the vehicle, for example, by 
synthesizing a silver derivative of terpineol that simulta 
neously acts as both a precursor to silver and as a vehicle. 
This improves the metallic yield and reduces the porosity of 
the electronic feature. 

[0157] Examples of preferred vehicles are listed in Table 
6. Particularly preferred vehicles according to the present 
invention include alpha terpineol, toluene and ethylene 
glycol. 
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TABLE 6 

Organic Vehicles Useful in Precursor Compositions 

Formula/Class Name 

Alcohols 2-Octanol 
Benzyl alcohol 
4-hydroxy-3methoxy benzaldehyde 
Isodeconol 
Butylcarbitol 
Alpha-terpineol 
Beta-terpineol 
Cineol 
2,2,4 trimethylpentanediol—1,3 
monoisobutyrate 
Butyl carbitol acetate 
Butyl oxalate 
Dibutyl phthalate 
Dibutyl benzoate 
Butyl cellosolve acetate 
Ethylene glycol diacetate 
N-methyl-2-pyrolidone 
N,N—dimethyl formamide 
N,N—dimethyl acetamide 
Xylenes 
Aromasol 
Nitrobenzene 
o-nitrotoluene 

Terpene alcohol 

Esters 

Amides 

Aromatics 

Substituted aromatics 

Terpenes Alpha-pinene, beta-pinene, dipentene, 
dipentene oxide 

Essential Oils Rosemary, lavender, fennel, sassafras, 
Wintergreen, anise oils, camphor, turpentine 

[0158] The precursor compositions in accordance With the 
present invention can also include one or more polymers. 
The polymers can be thermoplastic polymers or thermoset 
polymers. Thermoplastic polymers are characterized by 
being fully polymerized. They do not take part in any 
reactions to further polymerize or cross-link to form a ?nal 
product. Typically, such thermoplastic polymers are melt 
cast, injection molded or dissolved in a solvent. Examples 
include polyimide ?lms, ABS plastics (acronitrile butadiene 
styrene), vinyl, acrylic, styrene polymers of medium or high 
molecular Weight, and the like. When polymers are included 
in the precursor compositions, the polymer preferably con 
stitutes not greater than about 35 volume percent, more 
preferably not greater than about 20 volume percent, of the 
volume of the ?nal feature after drying and processing of the 
precursor composition into a feature. It Will be appreciated 
that this type of formulation is substantially di?cerent from 
What is knoWn in the art as polymer thick ?lm. The formu 
lations of the present invention typically contain molecular 
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precursors and particles, or at least one thereof. In contrast, 
polymer thick ?lm formulations do not contain any molecu 
lar precursors to a metal or metal oxide, nor do polymer 
thick ?lm formulations typically contain particles of a metal, 
metal oxide or precursor thereof. 

[0159] The polymers can also be thermoset polymers, 
Which are characterized by not being fully polymerized or 
cured. The components that make up thermoset polymers 
must undergo further reactions to form fully polymerized, 
cross-linked or dense ?nal products. Thermoset polymers 
tend to be resistant to solvents, heat, moisture and light. 

[0160] A typical thermoset polymer mixture initially 
includes a monomer, resin or loW molecular Weight polymer. 
These components require heat, hardeners, light or a com 
bination of the three to fully polymerize. Hardeners can be 
used to speed the polymerization reactions. Some thermoset 
polymer systems are tWo-part epoxies that are mixed at 
consumption or are mixed, stored and used as needed. 

[0161] Speci?c examples of thermoset polymers include 
amine or amide-based epoxies such as diethylenetriamine, 
polyglycoldianine and triethylenetetramine. Other examples 
include imidazole, aromatic epoxies, brominated epoxies, 
thermoset PET, phenolic resins such as bisphenol-A, 
polymide, acrylics, urethanes, and silicones. Hardeners can 
include isophoronediamine and meta-phenylenediamene. 

[0162] The polymer can also be an ultraviolet or other 
light-curable polymer. The polymers in this category are 
typically UV and light-curable materials that require pho 
toinitiators to initiate the cure. Light energy is absorbed by 
the photoinitiators in the formulation causing them to frag 
ment into reactive species, Which can polymerize or cross 
link With other components in the formulation. In acrylate 
based adhesives, the reactive species formed in the initiation 
step are knoWn as free radicals. Another type of photoini 
tiator, a cationic salt, is used to polymerize epoxy functional 
resins generating an acid Which reacts to create the cure. 
Examples of these polymers include cyanoacrylates such as 
z-cyanoacrylic acid methyl ester With an initiator as Well as 
typical epoxy resin With a cationic salt. 

[0163] The polymers can also be conductive polymers 
such as intrinsically conductive polymers. Conductive poly 
mers are disclosed, for example, in US. Pat. No. 4,959,430 
by Jonas et al., Which is incorporated herein by reference in 
its entirety. Other examples of intrinsically conductive poly 
mers are listed in Table 7 beloW. 

TABLE 7 

Intrinsically Conductive Polymers 

Examples Class/Monomers Catalyst/Dopant 

Polyacetylene 

Poly[bis(benzylthio) Phyenyl vinyl sulfoxide Ti alkylidene 

acetylene] 1,3 ,5 ,7-Cyclooctatetraene 
Poly[bis (ethylthio)acetylene] 
Poly[bis (methylthio)acetylene] 
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TABLE 7-continued 

Intrinsically Conductive Polymers 

Examples Class/Monomers Catalyst/Dopant 

Polyaniline 

Fully reduced 
Half oxidized 

Self-doped state 

Poly(thiophine—2.5—diyl) 
Poly(3—alkylthiophene—2.5— 
diyl) 
alkyl = butyl, hexyl, octyl, 
decyl, dodecyl 
Poly(styrenesulfonate)/poly— 
(2,3—dihyd_rothieno—[3,4 
b]—1,4—dioxin) 

Poly(anilinesulfonic acid) 

Polypyrrole 

Polythiophene 

2,5-Dibromo-3 
alkyl/arylthiophene 
alkyl = butyl, hexyl, octyl, 
decyl, dodecyl 
aryl = phenyl 
Dibromobithiophene 
Terthiophene 
Other substituted thiophenes 

organic sulfonic acids such 
as: 

Dinonylnaphthalenedisulfonic 
acid 
Dinonylnaphthaleneusulfonic 
acid 
Dodecylbenzenesulfonic 
acid 

Organic sulfonic acid 

Poly(1,4-phenylenevinylene) 
(PPV) 

p-Xylylenebis 
(tetrahydrothiopheniumchloride) 
Poly(1,4—phenylene sul?de) 
Poly(fluroenyleneethynylene) 

[0164] Other additives can be included in the precursor 
compositions in accordance With the present invention. 
Among these are reducing agents to prevent the undesirable 
oxidation of metal species. Reducing agents are materials 
that are oxidized, thereby causing the reduction of another 
substance. The reducing agent loses one or more electrons 
and is referred to as having been oxidized. For example, 
copper and nickel metal have a strong tendency to oxidize. 
Precursor compositions adapted to form base metals, includ 
ing nickel or copper, according to the present invention can 
include reducing agents as additives to provide reaction 
conditions for the formation of the metal at the desired 
temperature rather than the metal oxide. Reducing agents are 
particularly applicable When using molecular precursor 
compounds Where the ligand is not reducing by itself. 
Examples of reducing agents include amino alcohols and 
formic acid. Alternatively, the precursor conversion process 
can take place under a reducing atmosphere, such as hydro 
gen or forming gas. 

[0165] In some cases, the addition of reducing agents 
results in the formation of the metal even under ambient 
conditions. The reducing agent can be part of the precursor 
itself, for example in the case of certain ligands. An example 
is Cu-formate Where the precursor forms copper metal even 
in ambient air at loW temperatures. In addition, the Cu 
formate precursor is highly soluble in Water, results in a 
relatively high metallic yield and forms only gaseous 
byproducts, Which are reducing in nature and protect the 
in-situ formed copper from oxidation. Cu-formate is there 

fore a preferred precursor for aqueous based precursor 
compositions that include copper. Other examples of 
molecular precursors containing a ligand that is a reducing 
agent are Ni-acetylacetonate and Ni-formate. 

[0166] The precursor compositions can also include an 
adhesion promoter adapted to improve the adhesion of the 
electronic feature to the underlying substrate. For example, 
polyamic acid can improve the adhesion of the precursor 
composition to a polymer substrate, such as a polyimide 
substrate. 

[0167] The precursor compositions can also include com 
plexing agents. Complexing agents are a molecule or species 
that binds to a metal atom and isolates the metal atom from 
solution. Complexing agents are adapted to increase the 
solubility of the molecular precursors in the solvent, result 
ing in a higher yield of metal. One preferred complexing 
agent, particularly for use With Cu-formate and Ni-formate, 
is 3-amino-1-proponal. For example, a preferred precursor 
solution for the formation of copper includes Cu-formate 
dissolved in Water and 3-amino-1-propanol. 

[0168] The precursor compositions according to the 
present invention can also include a binder to maintain the 
feature shape after deposition and to increase the viscosity of 
the precursor composition. The binder can be, for example, 
a polymer or in some cases can be a precursor. When the 

precursor composition is deposited onto a ?exible substrate, 
the binder should impart some ?exibility to the precursor 
composition or ?nal product in addition to adherence. In 
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some instances, the binder can melt or soften to permit 
deposition of the precursor composition. According to one 
embodiment, the binder is a solid at room temperature and 
When heated to greater than about 50° C., the binder melts 
and ?oWs allowing for ease of transfer and good Wetting of 
the substrate. Upon cooling to room temperature, the binder 
becomes solid again maintaining the shape of the feature. 

[0169] The binder may need to vaporize during ?nal 
processing. The binder may also dissolve during deposition. 
The binder is preferably stable at room temperature and does 
not degrade substantially over time. 

[0170] Preferred binders for use in the precursor compo 
sitions according to the present invention include Waxes, 
styrenic polymers, polyalkylene carbonates, polyvinyl 
acetals, cellulose-based materials, tetradecanol, trimethylol 
propane and tetramethylbenzene. The preferred binders have 
good solubility in the solvent used to formulate the precursor 
composition and should be processable in the melt form. For 
example, styrene allyl alcohol is soluble in dimethyleace 
timide, solid at room temperature and becomes ?uid-like 
upon heating to 80° C. 

[0171] Examples of preferred binders are listed in Table 8. 

TABLE 8 

Use?il Binders for High Viscosity Precursor Compositions 

Class Examples 

Styrenic styrene allyl alcohol 
polystyrene (PS) 
poly alpha methyl styrene (PAMS) 
polystyrene-co-maleic anhydride (SMA) 

Polycarbonates Polycarbonate 
poly propylene carbonate 
poly ethylene carbonate 

Carbohydrates polysaccharides 
sucrose octahydrate 
sucrose diacetate 

Cellulose methyl cellulose 
ethyl cellulose 
nitro cellulose 

Sul?des phenylsulfone 
Benzenes benzophenone 

[0172] In many cases, the binders should decompose 
cleanly leaving little or no residuals after processing. 
Decomposition of the binder can occur by vaporization, 
sublimation or combustion. 

[0173] The present invention also provides compositions 
and methods to increase adhesion of the deposited electronic 
material to the substrate. Various substrates have different 
surface characteristics that result in varying degrees of 
adhesion. The surface can be modi?ed by hydroxylating or 
functionalizing the surface to provide reaction sites from the 
precursor compositions. In one embodiment, the surface of 
a poly?uorinated material is modi?ed by a sodium naphtha 
lenide solution that provides reactive sites for bonding 
during reaction With the precursor. In another embodiment, 
a thin layer of metal is sputtered onto the surface to provide 
better adhesion of precursor or converted precursor to the 
substrate. In another embodiment, polyamic acid is added to 
the precursor composition that then bonds With both the 
deposited material and surface to provide adhesion. Pre 

May 10, 2007 

ferred amounts of polyamic acid or similar compounds are 
from about 5 to 10 Weight percent of the precursor compo 
sition. 

[0174] The precursor composition of the present invention 
typically also includes surfactants or dispersants. Dispers 
ants are added to improve particle dispersion in the vehicle 
or solvent and reduce inter-particulate attraction Within that 
dispersion. Dispersants are typically tWo-component struc 
tures, namely a polymeric chain and an anchoring group. 
The anchoring group Will lock itself to the particle surface 
While the polymeric chain prevents agglomeration. It is the 
particular combination of these Which leads to their effec 
tiveness. The molecular Weight of the dispersant is suf?cient 
to provide polymer chains of optimum length to overcome 
Van der Waals forces of attraction betWeen particles. If the 
chains are too short, then they Will not provide a suf?ciently 
thick barrier to prevent ?occulation, Which in turn leads to 
an increase in viscosity. There is generally an optimum chain 
length over and above Which the effectiveness of the stabi 
lizing material ceases to increase. Ideally, the chains should 
be free to move in the dispersing medium. To achieve this, 
chains With anchor groups at one end only have been the 
most effective in providing steric stabilization. An example 
of a dispersant is SOLSPERSE 21000 (Avecia Limited). 

[0175] For the precursor compositions of the present 
invention, surfactants should be selected to be compatible 
With the other components of the precursor composition, 
particularly the molecular precursors. In one embodiment of 
the present invention, surfactants can serve multiple func 
tions such as a dispersant and a molecular precursor to a 
conductive phase. Another example of a surfactant that is 
used With silver ?akes is a coupling agent such as Kenrich 
Titanate, for example as is disclosed in Us. Pat. No. 
4,122,062 by Monte et al., Which is incorporated herein by 
reference in its entirety. 

[0176] The precursor compositions of the present inven 
tion can also include rheology modi?ers such as additives 
that have a thickening effect on the liquid vehicle. The 
advantageous effects of these additives include improved 
particle dispersion, reduced settling of particles, and reduc 
tion or elimination of ?lter pressing during syringe dispens 
ing or screen-printing. Rheology modi?ers can include 
SOLTHIX 250 (Avecia Limited), styrene allyl alcohol, ethyl 
cellulose, carboxy methylcellulose, nitrocellulose, polyalky 
lene carbonates, ethyl nitrocellulose, and the like. 

[0177] One dif?culty that can arise With respect to the 
precursor compositions of the present invention is that 
during drying, the molecular precursors can crystallize and 
form large crystallites, Which can be detrimental to perfor 
mance of the converted material. This problem can be 
reduced or eliminated by adding small amounts of a crys 
tallization-inhibiting agent to the precursor composition. It 
has been found, for example, that in some silver precursor 
solutions small additions of lactic acid completely prevent 
crystallization. In other cases, such as aqueous Cu-formate 
compositions, small amounts of glycerol can inhibit crys 
tallization. Other compounds useful for inhibiting crystalli 
zation are lactic acid, other polyalcohols such as malto 
dextrin, sodium carboxymethylcellulose and polyoxyethyl 
enephenylether such as TRITON (Mallinckadt Baker, Phil 
lipsburg, NJ.) or IGEPAL (Rhone-Poulenc, Cranbury, N.J.). 
In general, solvents With a higher melting point and loWer 
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vapor pressure inhibit crystallization of a compound more 
than a lower melting point solvent With a higher vapor 
pressure. Preferably, not greater than about 10 Wt. % crys 
talliZation inhibitor (as a percentage of the total precursor 
solution) is added to a precursor solution, more preferably 
not greater than 5 Wt. % and even more preferably not 
greater than 2 Wt. %. 

[0178] According to certain embodiments of the present 
invention, the precursor composition can be selected to 
reduce the conversion temperature required to convert the 
molecular precursor compound to the desired phase in the 
electronic feature. The precursor compound converts at a 
loW temperature by itself or in combination With other 
precursors and provides for a high yield of the desired 
material. As used herein, the conversion temperature is the 
temperature at Which the metal species contained in the 
precursor composition, including the molecular precursor, is 
at least 95 percent converted to the ?nal pure metal or metal 
oxide. The conversion temperature is measured using a 
thermogravimetric analysis (TGA) technique Wherein a 
50-milligram sample is heated at a rate of 10° C/minute in 
air and the Weight loss is measured. 

[0179] A preferred approach for reducing the conversion 
temperature according to the present invention is to bring the 
molecular metal precursor compound into contact With a 
conversion reaction inducing agent. As used herein, a con 
version reaction inducing agent is a chemical compound that 
effectively reduces the temperature at Which the molecular 
precursor compound decomposes to the metal or metal 
oxide. The conversion reaction inducing agent can either be 
added into the original precursor composition or added in a 
separate step during conversion on the substrate. The former 
method is preferred. Preferably, the conversion temperature 
of the precursor compound can be loWered by at least about 
25° C., more preferably at least about 50° C, even more 
preferably about 100° C., as compared to the conversion of 
the dry precursor compound. 

[0180] The reaction inducing agent can be the solvent or 
vehicle that is used for the precursor composition. For 
example, the addition of certain alcohols, can reduce the 
conversion temperature of the precursor composition. 

[0181] Preferred alcohols for use as conversion reaction 
inducing agents according to certain embodiments of the 
present invention include terpineol and diethyleneglycol 
butylether (DEGBE). It Will be appreciated that the alcohol 
can also be the vehicle, such as in the case of terpineol. 

[0182] More generally, organic alcohols such as primary 
and secondary alcohols that can be oxidiZed to aldehydes or 
ketones, respectively, can advantageously be used as the 
conversion reaction inducing agent. Examples are l-butanol, 
diethyleneglycol, DEGBE, octanol, and the like. The choice 
of the alcohol is determined by its inducing capability as 
Well as its boiling point, viscosity and precursor solubiliZing 
capability. It has been discovered that some tertiary alcohols 
can also loWer the conversion temperature of some molecu 
lar precursors. For example, alpha-terpineol, Which also 
serves as a vehicle, signi?cantly loWers the conversion 
temperature of some precursor compounds. The boiling 
point of the conversion reaction inducing agents is prefer 
ably high enough to provide the preferred ratio of metal ions 
to inducing agent during conversion. It should also be loW 
enough for the inducing agent to escape the deposit cleanly 
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Without unWanted side reactions such as decomposition that 
could lead to carbon residues in the ?nal feature. The 
preferred ratio of precursor to inducing agent is stoichio 
metric for complete reduction. HoWever, in some cases 
catalytic amounts of the inducing agent are suf?cient. 

[0183] Some solvents, such as DMAc, can serve as both a 
vehicle and a conversion reaction inducing agent. It can also 
be regarded as a complexing agent for silver. This means that 
precursors such as Ag-nitrate that are otherWise not very 
soluble in organic solvents can be brought into solution by 
complexing the metal ion With a complexing agent such as 
DMAc. In this speci?c case, Ag-nitrate can form a 1:1 
adduct With DMAc Which is soluble in organic solvents such 
as N-methylpyrrolidinone (NMP) or DMAc. 

[0184] Another approach for reducing the conversion tem 
perature of certain molecular precursors is utiliZing a pal 
ladium compound as a conversion reaction inducing agent. 
According to this embodiment, a palladium molecular pre 
cursor is added to the precursor composition, Which includes 
another precursor such as a silver precursor. With addition of 
various Pd compounds, the conversion temperature of the 
silver precursor can be advantageously reduced by at least 
25° C. and more preferably by at least 50° C. Preferred 
palladium precursors according to this embodiment of the 
present invention include Pd-acetate, Pd-tri?uoroacetate, 
Pd-neodecanoate and tetraamine palladium hydroxide. 

[0185] Pd-acetate and Pd-tri?uoroacetate are particularly 
preferred as conversion reaction inducing agents to reduce 
the conversion temperature of a silver metal carboxylate 
compound. Small additions of Pd-acetate to a precursor 
composition that includes Ag-tri?uoroacetate in DMAc can 
reduce the conversion temperature by 80° C. or more. 
Preferred precursor solutions include Pd-acetate in an 
amount of at least about 1 Weight percent, more preferably 
at least about 2 Weight percent of the precursor solution. The 
upper range for this Pd conversion reaction inducing agent 
is limited by its solubility in the solvent and in one embodi 
ment does not exceed about 10 Weight percent. Most pre 
ferred is the use of Pd-tri?uoroacetate because of its high 
solubility in organic solvents. For example, a preferred 
precursor composition for a silver/palladium alloy according 
to the present invention is Ag-tri?uoroacetate and Pd-trif 
luoroacetate dissolved in DMAc and lactic acid. 

[0186] A complete range of Ag/Pd alloys can be formed 
from Ag-tri?uoroacetate/Pd-tri?uoroacetate combinations in 
a solvent such as DMAc. The molecular mixing of the 
molecular metal precursors provides preferred conditions 
for the formation of virtually any Ag/Pd alloy at a loW 
temperature. The conversion temperature of the silver pre 
cursor When dissolved in DMAc is preferably reduced by at 
least 80° C. When combined With Pd-tri?uoroacetate. Pure 
Pd-tri?uoroacetate dissolved in DMAc can be converted to 
pure Pd at a similar temperature. As is discussed above, 
similar conversion temperatures for the Ag and Pd precursor 
is advantageous since it provides the conditions for good 
molecular mixing and the formation of Ag/Pd alloys With a 
homogeneous distribution of Ag and Pd. 

[0187] DMAc can advantageously serve as both a vehicle 
and a conversion reaction inducing agent. It can also be 
regarded as a complexing agent for silver. That is, precursors 
such as Ag-nitrate that are otherWise not very soluble in 
organic solvents can be brought into solution by complexing 
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the metal ion With a complexing agent such as DMAc. In this 
speci?c case, Ag-nitrate can form a 1:1 adduct With DMAc 
Which is soluble in organic solvents such as NMP or DMAc 

[0188] Other conversion reaction inducing agents that can 
also loWer the conversion temperature for nickel and copper 
molecular precursors can be used such as amines (ammonia, 
ethylamine, propylamine), amides (DMAc, dimethylforma 
mide, methylformamide, imidaZole, pyridine), alcohols such 
as aminoalcohols (ethanol amine, diethanolamine and tri 
ethanolamine), aldehydes (formaldehyde, benZaldehyde, 
acetaldehyde); formic acid; thiols such as ethyl thioalcohol, 
phosphines such as trimethylphosphine or triethylphosphine 
and phosphides. Still other conversion reaction inducing 
agents can be selected from boranes and borohydrides such 
as borane-dimethylamine or borane-trimethylamine. Pre 
ferred conversion reaction inducing agents are alcohols and 
amides. Advantageously, DMAc can also serve as the sol 
vent for the molecular precursor. Compared to precursor 
compositions that contain other solvents such as Water, the 
precursor conversion temperature can be reduced by as 
much as 60° C. to 70° C. Also preferred is DEGBE, Which 
can reduce the decomposition temperature of a silver pre 
cursor dissolved in a solvent such as Water by as much as 
1250 C. 

[0189] Another factor that has been found to in?uence the 
conversion temperature is the ratio of conductor precursor to 
conversion reaction inducing agent. It has been found that 
the addition of various amounts of DEGBE to a molecular 
silver precursor such as Ag-tri?uoroacetate in DMAc 
reduces the precursor conversion temperature by up to about 
70° C. Even more preferred is the addition of stoichiometric 
amounts of the inducing agent such as DEGBE. Excess 
amounts of the conversion reaction inducing agent are not 
preferred because it does not loWer the conversion tempera 
ture any further. In addition, higher amounts of solvent or 
inducing agents loWer the overall concentration of precursor 
in solution and can negate other precursor composition 
characteristics. The ratio of inducing agent to metal ion that 
is reduced to metal during conversion can be expressed as 
molar ratio of functional group (inducing part in the reduc 
ing agent) to metal ion. The ratio is preferably about 1, such 
as in the range from 1.5 to 0.5 and more preferably in range 
of about 1.25 to about 0.75 for univalent metal ion such as 
Ag. For divalent metal ions the ratio is preferably 2, such as 
in the range from 3 to 1, and for trivalent metals the ratio is 
preferably 3, such as in the range from 4.5 to 1.5. 

[0190] The molecular precursor preferably provides as 
high a yield of metal or metal oxide as possible. A preferred 
ratio of molecular precursor to solvent is that corresponding 
to greater than 10% mass fraction of metal relative to the 
total Weight of the liquid (i.e., all precursor components 
excluding particles). As an example, at least 10 grams of the 
metal is preferably contained in 100 grams of the precursor 
composition. More preferably, greater than 20 Wt. % of the 
precursor composition is metal, even more preferably 
greater than 30 Wt. %, even more preferably greater than 40 
Wt. % and most preferably greater than 50 Wt. %. 

[0191] Yet another preferred approach for reducing the 
conversion temperature is to catalyZe the reactions using 
particles, particularly nanoparticles. Preferred particles that 
catalyZe the reaction include pure Pd, Ag/Pd alloy particles 
and other alloys of Pd. Another approach for reducing the 
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conversion temperature is to use gaseous reducing agents 
such as hydrogen or forming gas. 

[0192] Yet another preferred approach for reducing the 
conversion temperature is ester elimination, either solvent 
assisted or Without solvent assist. Solvent assist refers to a 
process Wherein the alkoxide is converted to an oxide by 
eliminating an ester. In one embodiment, a metal carboxy 
late and metal alkoxide are mixed into the composition. At 
the processing temperature, the tWo precursors react and 
eliminate an organic ester to form a metal oxide that 
decomposes to the corresponding metal at a loWer tempera 
ture than the precursors themselves. This is also useful for 
Ag and Au, Where for Au the metal oxide formation is 
skipped. 
[0193] Another preferred approach for reducing the con 
version temperature is by photochemical reduction. For 
example, photochemical reduction of Ag can be achieved by 
using precursors containing silver bonds that can be broken 
photochemically. Another method is to induce photochemi 
cal reduction of silver on prepared surfaces Where the 
surface catalyZes the photochemical reaction. 

[0194] Another preferred approach for reducing the con 
version temperature is by in-situ generation of a precursor 
by reaction of ligands With particles. For example, silver 
oxide can be used as a starting material and can be incor 
porated into high viscosity precursor compositions in the 
form of nanoparticles. The silver oxide can react With 
deprotonateable organic compounds to form the correspond 
ing silver salts. For example, silver oxide can be mixed With 
a carboxylic acid to form silver carboxylate. Preferred 
carboxylic acids include acetic acid, neodecanoic acid and 
tri?uoroacetic acid. Other carboxylic acids can Work as Well. 
For example, DARVAN C (R. T. Vanderbilt Company, 
NorWalk, Conn.) can be included in the precursor compo 
sition as a rheology modi?er and the carboxylic function of 
this additive can react With the metal oxide. Small silver 
particles that are coated With a thin layer of silver oxide can 
also be reacted With these compounds. Another potential 
bene?t is simultaneously gained With regard to rheology in 
that such a surface modi?cation can lead to improved 
particle loadings in the precursor compositions. Another 
example is the reaction of copper oxide coated silver poWder 
With carboxylic acids. This concept can be generally applied 
to other materials such as copper oxide, palladium oxide and 
nickel oxide particles as Well. Other deprotonateable com 
pounds are halogeno-, hydroxy- and other alkyl and aryl 
derivatives of carboxylic acids, beta diketones, and acidic 
alcohols such as phenol and hydrogen tetra?uoroborates. 

[0195] As is discussed above, the precursor compositions 
according to the present invention can also include particles. 
Preferred physical characteristics of such particles are dis 
cussed above. The particles can be single phase particles or 
composite particles. 
[0196] For resistor precursor compositions, the particles 
can be resistive, insulative or conductive particles, depend 
ing upon the desired properties of the resistor and the other 
constituents of the precursor composition. The particles can 
include, for example, metal particles, metal oxide particles, 
carbon particles and glass particles, as Well as particles of a 
molecular precursor (e.g., silver oxide). 

[0197] Conductive or resistive particles can include a 
metal or a metal compound such as a metal oxide, metal 










































