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(57) ABSTRACT 

Metallic nanoparticles are provided Which can be used in 
forming metallic ?lm conductors at reduced temperatures 
compatible With plastic carriers for the ?lm conductors. This 
is realized by using a loWer molecular Weight organic 
encapsulant of the nanoparticle and thereby reducing the 
temperature at Which the organic encapsulant evaporates. 
Further, the sintering or melting temperature of the metallic 
nanoparticle is reduced by using a loWer siZed nanoparticle, 
thereby increasing the particle surface area relative to the 
particle volume and thus reducing the required heat and 
melting temperature of the particle. 

Pattern Deposition Post-anneal Particle Size Alkanethiol Anneal Ambient 
Temperature Temperature (11m) Carbon chain 

(oc) (°C) length 
----+ RT Melt 1.5 4 Air 
---+- RT Melt 1.5 6 N2 
--+-- RT Melt 5 4 N2 
_-+++ RT Melt 5 6 Air 
-+--- RT Melt+20 1.5 4 N2 
-+-++ RT Melt+20 1 .5 6 Air 
-++-+ RT Melt+20 5 4 Air 
-+++- RT Melt+20 5 6 N2 
+---- 150 Melt 1.5 4 N2 
+--++ 150 Melt 1.5 6 Air 
+-+-+ 150 Melt 5 4 Air 
+-++- 150 Melt 5 6 N2 
++--+ 150 Melt+20 1.5 4 Air 
++-+- 150 Melt+20 1.5 6 N2 
+++-- 150 Melt+20 5 4 N2 
+++++ 150 Melt+20 5 6 Air 

RT = Room Temperature (~300K) 
Post-anneals were performed to reduce resistivity. Post-anneal condition was pre-determined from the melt 
temperature measured during the ramped temperature transition measurements 
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METHOD OF FORMING CONDUCTORS AT LOW 
TEMPERATURES USING METALLIC 
NANOCRYSTALS AND PRODUCT 

RELATED APPLICATIONS 

[0001] This is a continuation-in-part of Serial No. PCT/ 
US2004/005161, ?led Feb. 19, 2004, the priority ofWhich is 
claimed under 35 USC 120 and 365(c), Which is incorpo 
rated by reference herein in its entirety. Priority is claimed 
pursuant to 35 USC 119(e) and 365(c) of provisional appli 
cation Ser. No. 60/449,191, ?led Feb. 20, 2003, Which is 
incorporated by reference herein in its entirety. 

BACKGROUND OF THE INVENTION 

[0002] This invention is directed to forming conducting 
metallic ?lms using organic-encapsulated metallic nanopar 
ticles deposited out of a solution or suspension and more 
particularly the invention is directed to a method of forming 
metallic nanocrystals or particles for use in forming the 
metallic ?lm. 

[0003] There has been growing interest in the develop 
ment of printed organic electronics technologies, Which are 
expected to see use in loW-cost, ?exible displays and dis 
posable electronics applications. LoW-cost RFID (radio fre 
quency identi?cation) tags are considered to be a compelling 
application, since they may be used to replace UPC (Uni 
versal Product Code) barcodes on consumer products, ush 
ering in an era of enhanced consumer convenience and 
Warehousing ef?ciency, through a realiZation of real-time 
price and product controls, automated inventory processes, 
and automated checkout. 

[0004] All-printed circuit technologies are attractive for 
several reasons. They eliminate the need for expensive 
lithography, and also eliminate the need for high-vacuum 
processing, including PVD, CVD, plasma etching, etc., all 
of Which have major impacts on system cost. Additionally, 
they use an additive fabrication process, Which reduces the 
Waste abatement costs. Thus, they are expected to result in 
a substantially reduced integrated cost making them suitable 
for use in disposable consumer products. 

[0005] Metallic nanoparticle conductors are technologi 
cally important as means of interconnecting and contacting 
semiconducting devices, as Well as in the formation of such 
passive electronic components as inductors, capacitors, 
Wires, and antennae. Solution or suspension deposited con 
ductors are of interest since the may potentially be deposited 
using such loW cost means as inkjet printing, screen printing, 
offset printing, etc. In particular, for use in loW-cost appli 
cations such as RFID tags, displays, etc., on plastic, it is 
crucial that the entire process, including the post-deposit 
annealing of the nanoparticles, should be performed at 
plastic-compatible temperatures, ~150° C. or so. Metallic 
nanoparticles have been formed using precipitation reac 
tions performed in a solution containing organic encapsulant 
molecules. As the metal precipitates out of solution/suspen 
sion, it is rapidly encapsulated by the organic molecules to 
form an organic-encapsulated metallic nanoparticle. Nano 
particles have been reported using numerous metals includ 
ing gold, silver, palladium, platinum, copper. The encapsu 
lation is achieved by using an organic molecule chosen such 
that it preferentially attaches to the metal surface to form a 
thin layer around the particle. For example, thiol-terminated 
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molecules such as alkanethiols are used to coat gold nano 
particles, and amine-terminated molecules such as alka 
neamines are used to coat copper nanoparticles. 

[0006] To form conductor ?lms out of solution/suspen 
sion, the nanoparticles are dissolved/suspended in a solvent, 
typically, an organic solvent or even Water, depending on the 
organic encapsulant. For example, alkane-coated particles 
dissolve in solvents from the toluene and terpineol families. 
The solution/suspension is deposited on the surface of a 
substrate to be coated using such means as pipetting, inkjet 
printing, screen printing, etc. The solvent evaporates, leav 
ing behind the organic-coated nanoparticle. The substrate is 
annealed by exposure to an elevated temperature, causing 
the evaporation of the organic material, folloWed by sinter 
ing/melting of the nanoparticle. 

[0007] Conductors formed using this technique have been 
reported in the past. HoWever, the annealing temperature of 
these conductors has been quite high (2000 C.-400o C.), 
Which is not compatible With plastic substrates. 

SUMMARY OF THE INVENTION 

[0008] In accordance With the invention, metallic nano 
particles are provided Which can be used in forming metallic 
?lm conductors at reduced temperatures compatible With 
plastic carriers for the ?lm conductors. 

[0009] This is achieved by selecting the molecular Weight 
of the organic encapsulant of the nanoparticle such that it 
can be evaporated at temperatures compatible With plastic 
substrates. Accordingly, a method of forming an electrical 
conductor pattern from metallic nanoparticles at tempera 
tures beloW the melting point of plastic is provided com 
prising the steps of: 

[0010] a) depositing a composition comprising organic 
molecule encapsulated metallic nanoparticles and a solvent 
in a predetermined pattern onto a substrate; 

[0011] b) evaporating the solvent; 

[0012] c) annealing the encapsulated metallic nanopar 
ticles to evaporate the organic molecules, and 

[0013] d) sintering or melting said metallic nanoparticles 
to form the electrical conductor pattern; 

[0014] Wherein the organic molecule has a molecular 
Weight that permits step (c) to be conducted at a temperature 
beloW the melting point of plastic at atmospheric pressure. 

[0015] Further, the sintering or melting temperature of the 
metallic nanoparticle is loWered by use of a smaller particle, 
thereby increasing the particle surface area relative to the 
particle volume. Accordingly, a method of forming an 
electrical conductor pattern from metallic nanoparticles at 
temperatures beloW the melting point of plastic is provided 
comprising the steps of: 

[0016] a) depositing a composition comprising organic 
molecule encapsulated metallic nanoparticles and a solvent 
in a predetermined pattern onto a substrate; 

[0017] b) evaporating the solvent; 

[0018] c) annealing said encapsulated metallic nanopar 
ticles to evaporate the organic molecules, and 
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[0019] d) sintering or melting said metallic nanoparticles 
to form the electrical conductor pattern; 

[0020] Wherein the metallic nanoparticles have a particle 
average maximum dimension that permits step (d) to be 
conducted at a temperature below the melting point of 
plastic at atmospheric pressure. 

[0021] A metallic nanoparticle composition compatible 
for use in printing loW resistance conductors on a plastic 
base is provided comprising organic molecule encapsulated 
metallic nanoparticles Wherein the organic molecule has a 
molecular Weight that permits evaporated of the organic 
molecules after deposition of the composition onto a sub 
strate at a temperature beloW the melting point of plastic at 
atmospheric pressure. 

[0022] A metallic nanoparticle composition compatible 
for use in printing loW resistance conductors on a plastic 
base is provided comprising organic molecule encapsulated 
metallic nanoparticles Wherein the metallic nanoparticles 
have a particle average maximum dimension that permit 
sintering of the metallic nanoparticles after deposition of the 
composition onto a substrate at a temperature beloW the 
melting point of plastic at atmospheric pressure. 

[0023] Methods for forming metallic nanoparticles are 
provided. 

[0024] The invention and objects and features thereof Will 
be more readily apparent from the following detailed 
description and appended claims When taken With the draW 
ings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] FIGS. 1A, 1B are plots of thiol burn-off tempera 
ture versus carbon chain length of the thiol and conduction 
temperature versus carbon chain length for different diam 
eter gold particles. 

[0026] FIGS. 2A and 2B illustrate an atomic force micro 
graph of an inkjetted line and optical micrographs of an 
inkjetted inductor formed on polyester-based general pur 
pose transparency plastic. 

[0027] FIG. 3 is a transmission electron micrograph of 
hexanethiol-encapsulated nanocrystals synthesized With a 
goldzthiol mole ratio of 1:4, resulting in an average particle 
diameter of about 2 nm. 

[0028] FIG. 4 is a transmission electron micrograph of 
hexanethiol-encapsulated nanocrystals synthesiZed With a 
goldzthiol mole ratio of 111/12, resulting in an average 
particle diameter of about 5 nm. 

[0029] FIG. 5 is a graph of various transition temperatures 
as a function of carbon chain length for 1.5 nm nanocrystals. 

[0030] FIG. 6 is a graph illustrating variation in the 
various transition temperatures as a function of carbon chain 
length for 5 nm nanocrystals. 

[0031] FIGS. 7A, 7B illustrate response characteriZation 
of conduction temperature to (a) alkanethiol carbon chain 
length and (b) deposition temperature and anneal ambient. 

[0032] FIGS. 8A, 8B illustrate smooth conductor lines 
obtained by proper optimiZation of temperature and solvent. 
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[0033] FIGS. 9A, 9B illustrate variation in conductivity 
With temperature and number of syncopated layers (left), as 
measured using a four-point sheet resistance structure 
(right) . 

[0034] FIG. 10 is a table for a multifactorial design used 
to determine effect of annealing and deposition parameters 
on transition temperatures and ?lm resistivity. 

[0035] FIG. 11 is a table illustrating variation in transition 
temperatures during anneal as a function of encapsulant 
chain length and nanoparticle siZe. 

DETAILED DESCRIPTION OF ILLUSTRATED 
EMBODIMENTS 

[0036] The present invention provides metallic nanopar 
ticles Within organic encapsulants that can be formed into 
metallic ?lms at temperatures compatible With plastic car 
riers. The loW temperatures are achieved in tWo relevant 
processes, namely, the organic evaporation and the nano 
particle sintering/melting. 

[0037] By nanoparticles it is meant particles having a 
particle average maximum dimension in the range of about 
1 nm to about 50 nm. That is, taking the maximum dimen 
sion of each particle, usually the maximum diameter of the 
particle if the particle is not spherical, the average of this 
dimension among all the nanoparticles in the composition of 
the same type is the particle average maximum dimension. 
In the present application these are preferably inherently 
conductive, such as Au, Ag, Cu, Ni, Pt and the like. Usually, 
nanoparticles Will have a particle average maximum dimen 
sion of about 10 nm or less. Nanoparticle syntheses are Well 
knoWn and are described, for example, in US. Pat. No. 
5,756,197 and “Electrical Studies of Semiconductor-Nanoc 
rystal Colloids”, MRS Bulletin, February 1998, pp 18-23. 

[0038] The organic encapsulant evaporation temperature 
is controlled by using a loWer molecular Weight. Thus 
evaporation of the organic encapsulant is achieved at a loWer 
temperature. Thus, the molecular Weight of the organic 
compound comprising the encapsulant Will be such that the 
deposited encapsulated nanoparticles may be annealed to 
evaporate the organic compound at a temperature beloW the 
melting point of typical plastics. Typical plastics melt at 
above about 1700 C. While it is appreciated that organic 
materials may beevaporated under partial vacuum at loWer 
temperatures, an object is to have organic encapsulated 
metallic nanoparticles that are capable of being evaporated 
at atmospheric temperature at less than about 1700 C. 

[0039] For example, conventionally, gold nanoparticles 
are made With a dodecanethiol encap sulant. By replacing the 
encap sulant With hexanethiol, the evaporation temperature is 
reduced to ~140° C. from >200o C. The encapsulants 
comprise molecules having hydrocarbon chains. One end of 
the chain Will have a group that readily adsorbs onto the 
surface of the nanoparticle, such as a thiol, amine, or in some 
cases, a carboxylic acid. The other end of the encapsulant 
remains free, resulting in a coating around the nanoparticle. 
According to a preferred embodiment of the invention, the 
carbon chain length of the organic molecule comprising the 
encapsulant With contain from about 3 to 9 carbon atoms, 
usually about 4 to 8 carbon atoms. In general, an organic 
encapsulant that has a boiling point of less than about 2200 
C. at atmospheric pressure should be suitable for the purpose 
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of the invention. Such encapsulants are generally acceptable 
for plastic-compatible processing since there is appreciable 
and rapid sublimation or evaporation of these encapsulants 
at temperatures beloW the melting points of typical plastics, 
thus making it unnecessary to reach the encapsulant boiling 
point. 

[0040] The sintering/melting temperature of the nanopar 
ticle is loWered by reducing its siZe. Use of a smaller particle 
increases its surface area relative to its volume, Which has 
the net effect of reducing the melting temperature of the 
particle. Useful metallic nanoparticle siZes according to the 
invention are those having a particle average maximum 
dimension less than about 10 nm, typically about from about 
0.5 nm to about 10 nm. Useful siZes are less than about 5 nm. 

[0041] Thus, the metallic nanoparticles Will have a particle 
average maximum dimension such that sintering or melting 
of the nanoparticles may be conducted at a temperature 
beloW the melting point of plastics. 

[0042] The net effect of the improvements of reducing the 
particle siZe and using a loWer molecular Weight organic 
encapsulant is shoWn in FIGS. 1A and 1B for gold particles 
of 5 nm and 1.5 nm using alkanedithiol encapsulants having 
carbon chains from 4 to 12 carbons. Achieving deposition 
and annealing processes at temperatures beloW 160° C. is 
commercially important, since it enables the printing of 
loW-resistance conductors on plastic for the ?rst time. 

[0043] Metal nanocrystals may be synthesiZed With vary 
ing diameter and encapsulant species according to knoWn 
processes. After synthesis and puri?cation, the nanocrystals 
may be dissolved in a solvent and dispensed onto plastic 
substrates by micropipetting or inkjet-printing. Organic sol 
vents useful to dissolve encapsulated metallic nanoparticles 
depend upon the solubility of the encapsulant. Toluene is 
useful, as is ot-terpinol since deposit by ink-jet and evapo 
ration of encapsulated nanoparticle solutions With these 
solvents appear to minimiZe or reduce the doughnut effect, 
which is the formation of a doughnut-shaped deposit rather 
than a uniform circular deposit. Upon drying, the resulting 
?lms, Which are non-conductive as deposited due to the 
presence of the insulating organic encapsulant, may be 
annealed to form a loW-resistance conductor pattern. The 
drying make be accomplished by moderate heating and/or 
by exposure to vacuum. The annealing/sintering may be 
accomplished by heating, exposure to a laser, or any other 
suitable heating method. The transition temperatures asso 
ciated With the anneal process and the desired ?nal resis 
tance of the ?lm may be correlated to optimiZe synthesis 
conditions. 

[0044] To further illustrate the invention, several examples 
are presented beloW for illustrative purposes. They are not to 
be construed to limit the invention in any Way. 

EXAMPLE 1 

Nanocrystal Synthesis 
[0045] The synthesis of the gold nanoclusters folloWed 
that reported by Murray et al., Longmuir, 14, 17 (1998). The 
length of the alkanethiol molecules used as the encapsulant 
Was varied, and the siZe of the resulting nanocrystal Was 
adjusted by controlling the relative mole ratio of the encap 
sulant and gold. In brief, 1.5 g of tetroactylammonium 
bromide Was mixed With 80 mL of toluene and added to 0.31 
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g of HAuCl4:xH2O in 25 mL of deioniZed (DI) Water. 
AuCl4_ Was transferred into the toluene and the aqueous 
phase Was removed. A calculated mole ratio of an 
alkanethiol Was added to the gold solution. Thiols With 
lengths ranging from 4 carbon atoms to 12 carbon atoms 
Were used. For crystals With larger diameters (~5 nm aver 
age diameter), a thiol:gold mole ratio of 1/12:1 Was used. 
For smaller diameters, nanocrystals (~1.5 nm average diam 
eter), a thiol:gold mole ratio of 4:1 Was used. Sodium 
borohydride mixed in 25 mL of Water Was added into the 
organic phase With a fast addition over approximately 10 
seconds. The mixture reacted at room temperature for three 
and a half hours. The toluene Was removed With a rotary 
evaporator and the leftover black particles suspended in 
ethanol and sonicated brie?y. The particles Were Washed 
With ethanol and acetone and air-dried. To determine the siZe 
of the nanocrystals, dilute solutions of the same Were 
deposited on copper grids and analyZed using transmission 
electron microscopy. FIGS. 3 and 4 shoW transmission 
electron micrographs of hexanethiol-encapsulated nanocrys 
tals synthesiZed With gold: thiol concentrations of 1:4 and 
1:1/ 12, respectively. As reported by Murray et al., there is a 
distribution of siZes for the different concentrations of thiols 
used. The 1:4 ratio gives smaller nanoclusters of a siZe of 
approximately 1.5 nm in diameter and a relatively tight 
distribution in diameter. The 1:1/ 12 ratio of gold to thiol 
gives a Wider distribution, With an average diameter of 5 nm. 
Thus these conditions may be used to fabricate gold nano 
particles of average diameter of less than 2 nm and less than 
5 nm, respectively. 

EXAMPLE 2 

Heating Tests 

[0046] The gold nanocrystals Were redissolved in toluene 
to form saturated solutions. To measure resistance, the 
solutions Were then micropipetted onto an insulating sub 
strate (either plastic or SiO2) and alloWed to air dry. To 
con?rm plastic compatibility, several commercial plastics 
Were used. Commercial polyester ?lms (the smooth side of 
3M inkjet transparencies and the uncoated side of laser 
printer transparencies) generally had deformation tempera 
tures in the range of 150°-180o C., Where We de?ned the 
deformation temperature as the temperature at Which the 
?lm underWent dramatic contraction. Typically, these ?lms 
shoWed signi?cant degradation in transparency at tempera 
tures 100-20o C. loWer, Which therefore represented an upper 
bound on the usable temperature range for these materials, 
depending on their application. Therefore, these ?lms Were 
used only for the loWer temperature tests. For these tests, the 
micropipetted ?lm Was dispensed on the uncoated surface of 
the polyester ?lms, distributed by 3M as inkj et transparency 
?lm. For heating tests involving higher temperatures, 
Dupont Melinex ?lms based on a polyethylene terephthalate 
base Were used. These ?lms Were found to survive tempera 
ture excursions as high as 2000 C. and higher Without 
undergoing substantial surface deformation. On these high 
temperature plastics, the full range of experiments Were 
performed. lmportantly, no substantial difference in resis 
tivity or conversion temperature Was noted betWeen the 
various plastics for these micropipetted patterns. After the 
micropipetted solution had dried, the resulting non-conduc 
tive black ?lm Was then heated on a hotplate equipped With 
a surface probe to ensure accurate temperature measure 
ment. Upon application of adequate heat, the ?lm converted 
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to a continuous gold conductor. This happened through a 
tWo-step process, involving the sublimation of the 
alkanethiol, followed by the melting, coagulation, and 
immediate solidi?cation of the gold nanoparticles to form 
continuous gold ?lms. 

EXAMPLE 3 

Annealing 
[0047] A ramped anneal Was performed to determine the 
various transition temperatures. The thiol burn-off tempera 
ture Was determined visually, by a rapid transition of the ?lm 
color from black to gold, accompanied by a sublimation of 
the thiol in the form of a black smoke. Upon further 
annealing, the ?lm underWent a color transition from a dull 
golden color to a shiny gold. This indicated the nanocrystal 
melting temperature. At this point, the ?lm achieves a 
loW-resistance state. Resistivity of the ?lms Were measured 
using a 4-point probe and an HP4156 Semiconductor param 
eter analyZer. FIG. 11 is a table shoWing the results of the 
annealing tests. From this table, it is apparent that the 
required anneal temperature is a strong function of the 
encapsulant carbon chain length. Nanocrystals encapsulated 
in dodecanethiol anneal at 170° C.-200° C., Which is not 
plastic compatible. HoWever, by reducing the carbon chain 
length to four or six, it is possible to obtain nanocrystals that 
anneal at temperatures compatible With many loW-cost plas 
tics. Interestingly, it is also apparent in this case that the 
larger nanocrystals have loWer anneal temperature require 
ments. This is unexpected, since it is knoWn that the melt 
temperature of individual 1.5 nm diameter nanocrystals is 
loWer than that of the 5 nm diameter nanocrystals. This 
behavior is based on the fact that the volume fraction of 
encapsulant is signi?cantly larger in the 1.5 diameter par 
ticles, and therefore, using the same ramped anneal process, 
a higher temperature is required to completely bum-off the 
encapsulant. The effect of encapsulation carbon chain length 
on the various transition temperatures are shoWn in FIGS. 5 
and 6, Which shoW the variation in the various transition 
temperatures as a function of carbon chain length for 1.5 and 
5 nm nanocrystals, respectively. The nanocrystals formed 
With both butanethiol and hexanethiol have transition tem 
peratures in the commercially important plastic-compatible 
range. The anneal temperatures determined above Were 
measured for fairly thick ?lms, several microns in thickness. 
For thinner ?lms, on the order of 1 pm, anneal temperatures 
Were depressed across the board by approximately 20° C. T 
The inkjetted line shoWn in FIG. 2 has a sheet-resistance of 
0.03Q/square for a 1 pm thick ?lm. The entire process is 
performed at a maximum temperature of approximately 
150° C. 

EXAMPLE 4 

Multifactorial Design 

[0048] To study the effect of various experimental condi 
tions, a multifactorial design of experiments Was used to 
screen for the effects of various parameters on the transition 
temperatures and ?nal ?lm resistivity. The studied param 
eters Were nanocrystal siZe, encapsulation carbon chain 
length, anneal ambient, and post anneal conditions. The 
design (shoWn in FIG. 10) Was established to identify 
?rst-order effects and most tWo-parameter interactions. The 
temperature at Which conduction occurred Was used as a 

Aug. 2, 2007 

response. The response of this parameter to alkanethiol 
carbon chain length, particle diameter, deposition tempera 
ture and anneal ambient is shoWn in FIG. 7 (the linearity of 
the plots is due to the identi?cation of 1St order effects and 
interactions only). Only carbon chain length and particle 
diameter have a signi?cant impact on the temperature at 
Which conduction occurs. All other parameters (deposition 
temperature, anneal ambient, and post-anneal temperature) 
did not have signi?cant impact upon the temperature at 
Which conduction occurred. This is expected, since the 
encapsulant Was removed through a sublimation process, 
and Was therefore essentially independent of these factors. 
The temperature at Which conduction occurs shoWed a 
strong dependence on carbon chain length, and some depen 
dence on nanocrystal siZe. The larger nanocrystals appeared 
to have a reduced temperature at Which conduction occurs; 
this is again explained by the substantially larger volume 
fraction of encapsulant that must be sublimated for the 
smaller nanoparticles. 

EXAMPLE 5 

Synthesis and Anneal Process 

[0049] Using the results of the screening design, an opti 
miZed nanocrystal synthesis and anneal process Was 
selected. Using this process, loW-resistance inkjetted con 
ductor lines Were printed. For a 1 pm thick line, a sheet 
resistance of less than 0039/ square Was achieved, indicat 
ing a conductivity of approximately 70% of bulk gold, 
attesting to the robustness of this process. An atomic force 
micrograph of the inkjetted line is shoWn in FIG. 2. The 
entire process Was performed at loW temperature (maximum 
temperature excursion of 140° C. using the hexanethiol 
encapsulated nanoparticles) on the uncoated surface if the 
loW temperature commercial polyester-based plastic 
described above. The toluene solvent does in fact attach the 
plastics used; hoWever, the actual volumes of solution used 
during inkjetting are extremely small (typical drop siZes 
Were <40 pL), facilitating rapid evaporation of the toluene. 
Therefore, no damage to the plastic substrate Was found to 
occur. The enhanced evaporation of the toluene Was facili 
tated by maintaining the substrate at an elevated temperature 
during jetting. In general, the adhesion of the inkjetted lines 
to the polyester Was found to be fairly good. The adhesion 
Was found to be a strong function of the temperature of the 
substrate during jetting. In general, it Was found that adhe 
sion improved When the temperature of the substrate Was 
raised close to the thiol sublimation temperature. Possibly 
some thiol remains as an interfacial layer betWeen the plastic 
and the gold, improving the adhesion. 

EXAMPLE 6 

Resistivity 
[0050] The variation in ?nal resistivity as a function of the 
various synthesis and anneal perimeters Was also studied. 
The ?nal resistivity appeared to be essentially independent 
of synthesis conditions, provided a suf?cient anneal Was 
used to completely drive off the majority of the encapsulant 
species. The presence of a suf?cient anneal appears to be the 
crucial parameter in achieving loW-resistance ?lms. A 30 
minute anneal at the melting temperature Was found to 
substantially reduce the resistance. A similar effect Was also 
achieved by using an anneal at 20° C. above the melting 
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temperature for a shorter time (on the order of 2-3 minutes). 
Tests performed on various loW-cost plastics indicate that 
both butanethiol and hexanethiol encapsulated species may 
be used to form loW-resistance conductors on these sub 
strates. 

EXAMPLE 7 

Stability 
[0051] Some tests on stability Were also performed. In 
general, the shelf life of the short carbon chain nanocrystals 
Was reduced, unless the nanocrystals Were stored in a 
refrigerated state. This reduced shelf life Was caused by the 
continuous evaporation of the encapsulant, resulting in 
nanocrystal degradation through reduction in solubility. Fur 
thermore, the larger nanocrystals Were also found to have 
shorter lifetimes, again due to encapsulant evaporation. 
Since the larger nanocrystals had a smaller volume fraction 
of encapsulant, they Were more sensitive to environmental 
degradation. The most promising candidate for printed con 
ductors appears to be the 1.5 nm particles encapsulated With 
hexanethiol. lnkjet printed ?lms have anneal temperatures 
less than 150° C., Which are plastic compatible. The nanoc 
rystals also have excellent stability, lasting several months in 
poWder form Without degradation. 

EXAMPLE 8 

Conductor Films 

[0052] Using a custom inkjet system including an overall 
test bed consisting of translation stages, inkjet dispensers, a 
hot chuck for heating and cooling the substrate, and softWare 
to control the various systems, conductor ?lms Were formed. 
For all runs, pieZoelectric heads Were used manufactured by 
Microfab, Inc., with noZZle diameters varying from 30 pm to 
60 um. Custom softWare Was used to provide overlay, 
translation, and head control. To develop the processes for 
forming inductive components and multilevel interconnects, 
runs Were conducted using metallic nanoparticles for con 
ductor formation, and a commercial polyimide for dielectric 
formation. The droplet jetting Waveform parameters, droplet 
spacing, choice of solvent, and substrate temperature during 
printing Were varied. Resultant ?lm morphology (as mea 
sured using optical micrography, pro?lometry, and AFM) 
and electrical conductivity Were correlated to these param 
eters and used to drive the optimiZation of the processes. The 
pieZo-head Waveform parameters Were optimiZed to maxi 
miZe jetting velocity While ensuring good drop-to-drop 
stability and the absence of satellite droplets. By standard 
iZing all runs to this baseline, the impacts of various process 
and materials parameters on ?lm quality Were monitored. In 
one run, 10 Wt % hexanethiol-encapsulated 1.5 nm gold 
nanoparticles Were dissolved in ot-terpinol. To achieve good 
control on droplet placement, typical inkjet systems main 
tain a head-to-substrate distance of less than 2 mm. The use 
of ot-terpinol has several advantages since its sloWer evapo 
ration rate at the noZZle results in excellent clog resistance. 
By syncopating droplets, one can produce extrememly 
smooth lines With no ridges and negligible cross-sectional 
thickness variation. FIG. 8 illustrates such smooth conductor 
lines of printed gold nanoparticles dissolved in ot-terpinol at 
a substrate temperature of 1600 C. Printing at elevated 
temperatures using alpha-terpineol has an additional advan 
tage. Due to the higher-temperatures, the alkanethiol is 
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removed more ef?ciently, resulting in loWer sheet resistance, 
as shoWn in FIG. 9. This removal of the alkanethiol has been 
previously identi?ed as an important requirement for pro 
ducing loW-resistance ?lms. Conductivities as high as 70% 
of bulk gold have been obtained in thinner ?lms. Sheet 
resistances as loW as 23 mQ/square have been obtained in 1 
pm thick ?lms. 

EXAMPLE 9 

Thiol Encapsulated Gold Nanoparticles 

[0053] LoW Temperature gold conductors may be formed 
as folloWs: The process starts With the synthesis of gold 
nanoparticles. Tetroactylammonium bromide is added to 
vigorously stirred toluene. The resulting solution is referred 
to as the organic phase. Simultaneously, HAuCl4zxH2O is 
dissolved in deioniZed Water creating a yelloW solution, 
called the aqueous phase. The aqueous phase is then mixed 
With the organic phase. AuCl4_ is transferred into the toluene 
causing the organic phase to turn reddish. The aqueous phase 
is then discarded. The desired mole ration of thiol to gold is 
added based upon the desired nanocluster siZe. For example, 
to achieve a 1.5 nm particle siZe, a ratio of 4:1 is used. The 
thiol added can be butanethiol, hexanethiol, octanethiol and 
dodecanethiol, depending on the desired encapsulant burn 
off temperature. After mixing for at least 10 minutes, sodium 
borohydride is dissolved and added to the organic phase. 
The reaction is alloWed to proceed for at least four hours, at 
Which point the toluene is removed With a rotary evaporator. 
The leftover particles are suspended in ethanol and sonicated 
brie?y, and then Washed With ethanol and acetone. To create 
a colloidal suspension, the gold nanoparticles are dissolved 
in toluene and printed to form the requisite patterns on 
insulating substrates. The substrates are annealed on a 
hotplate to evaporate off the encapsulant and sinter the 
nanoparticles, forming a loW-resistance conductor. 

EXAMPLE 10 

Copper Nanoparticles 

[0054] LoW-temperature copper conductors may be 
formed as folloWs: The process starts With the synthesis of 
copper nanoparticles. Copper (11) chloride dihydrate is dis 
solved in tetrahydrofuran (THF) after nitrogen gas had been 
bubbled through it. Alkylamine is then added sloWly under 
nitrogen atmosphere, and a blue solution is observed. 
Sodium borohydride, prepared using THF and a minimum 
amount of methanol, is added drop-Wise under nitrogen 
atmosphere to the copper (ll) chloride and alkylamine 
solution. After the reaction is complete, a dark solution is 
observed. The solution is then evaporated under vacuum. 
The resulting product is suspended in ethanol and ?ltered. 
The ?ltered material, Which is composed mainly of copper 
nanoparticles, is then Washed With ethanol folloWed by 
acetone, dried, and collected. The copper nanoparticles may 
then be dissolved, printed, and annealed as in the ?rst 
preferred embodiment above. 

[0055] While the invention has been described With ref 
erence to speci?c embodiments, the description is illustra 
tive of the invention and is not to be construed as limiting the 
invention. Various modi?cations and applications may occur 
to those skilled in the art Without departing from the true 
spirit and scope of the invention as de?ned by the appended 
claims. 
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What is claimed is: 
1. A method of forming an electrical conductor pattern 

from metallic nanoparticles at temperatures below the melt 
ing point of plastic comprising the steps of: 

a) depositing a composition comprising organic molecule 
encapsulated metallic nanoparticles and a solvent in a 
predetermined pattern onto a substrate; 

b) evaporating said solvent; 

c) annealing said encapsulated metallic nanoparticles to 
evaporate said organic molecules, and 

d) sintering or melting said metallic nanoparticles to form 
said electrical conductor pattern; 

Wherein said organic molecule has a molecular Weight 
that permits step (c) to be conducted at a temperature 
beloW the melting point of plastic at atmospheric 
pressure. 

2. A method according to claim 1 Wherein said melting 
point of plastic is above about 170° C. 

3. A method according to claim 1 Wherein said metallic 
nanoparticles are characterized by a particle average maxi 
mum dimension of about 10 nm or less. 

4. A method according to claim 1 Wherein said organic 
molecule is selected from the group consisting of alkanethi 
ols of 3 to 9 carbon atoms. 

5. A method according to claim 3 Wherein said metallic 
nanoparticles comprise gold. 

6. A method according to claim 4 Wherein said organic 
molecule comprises hexanethiol. 

7. A method according to claim 1 Wherein said solvent is 
selected from the group consisting of toluene and ot-terpinol. 

8. A method according to claim 7 Wherein said solvent 
comprises toluene. 

9. A method of forming an electrical conductor pattern 
from metallic nanoparticles at temperatures beloW the melt 
ing point of plastic comprising the steps of: 

a) depositing a composition comprising organic molecule 
encapsulated metallic nanoparticles and a solvent in a 
predetermined pattern onto a substrate; 

b) evaporating said solvent; 

c) annealing said encapsulated metallic nanoparticles to 
evaporate said organic molecules, and 

d) sintering or melting said metallic nanoparticles to form 
said electrical conductor pattern; 

Wherein said metallic nanoparticles have a particle aver 
age maximum dimension that permits step (d) to be 
conducted at a temperature beloW the melting point of 
plastic at atmospheric pressure. 

10. A method according to claim 9 Wherein said melting 
point of plastic is above about 1700 C. 

11. A method according to claim 9 Wherein said metallic 
nanoparticles are characterized by a particle average maxi 
mum dimension of about 10 nm or less. 

12. A method according to claim 9 Wherein said organic 
molecule is selected from the group consisting of alkanethi 
ols of 3 to 9 carbon atoms. 
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13. A method according to claim 11 Wherein said metallic 
nanoparticles comprise gold. 

14. A method according to claim 12 Wherein said organic 
molecule comprises hexanethiol. 

15. A method according to claim 9 Wherein said solvent 
is selected from the group consisting of toluene and ot-ter 
pinol. 

16. A method according to claim 15 Wherein said solvent 
comprises toluene. 

17. A metallic nanoparticle composition compatible for 
use in printing loW resistance conductors on a plastic base 

comprising organic molecule encapsulated metallic nano 
particles Wherein said organic molecule has a molecular 
Weight that permits evaporated of said organic molecules 
after deposition of said composition onto a substrate at a 

temperature beloW the melting point of plastic at atmo 
spheric pressure. 

18. A metallic nanoparticle composition according to 
claim 17 Wherein said metallic nanoparticles have a particle 
average maximum dimension that permit sintering of said 
metallic nanoparticles beloW the melting point of plastic at 
atmospheric pressure. 

19. A composition according to claim 17 or 18 Wherein 
said melting point of plastic is above about 1700 C. 

20. A composition according to claim 18 Wherein said 
metallic nanoparticles are characterized by a particle aver 
age maximum dimension of about 10 nm or less. 

21. A composition according to claim 17 Wherein said 
organic molecule is selected from the group consisting of 
alkanedithiols of 3 to 9 carbon atoms. 

22. A composition according to claim 17 comprising gold 
encapsulated in hexanethiol. 

23. A metallic nanoparticle composition compatible for 
use in printing loW resistance conductors on a plastic base 

comprising organic molecule encapsulated metallic nano 
particles Wherein said metallic nanoparticles have a particle 
average maximum dimension that permit sintering of said 
metallic nanoparticles after deposition of said composition 
onto a substrate at a temperature beloW the melting point of 
plastic at atmospheric pressure. 

24. A metallic nanoparticle composition according to 
claim 23 Wherein said organic molecule has a molecular 
Weight that permits evaporated of said organic molecules 
after deposition of said composition onto a substrate at a 

temperature beloW the melting point of plastic at atmo 
spheric pressure. 

25. A composition according to claim 23 or 24 Wherein 
said melting point of plastic is above about 1700 C. 

26. A composition according to claim 23 Wherein said 
metallic nanoparticles are characterized by a particle aver 
age maximum dimension of about 10 nm or less. 

27. A composition according to claim 24 Wherein said 
organic molecule is selected from the group consisting of 
alkanethiols of 3 to 9 carbon atoms. 
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28. A composition according to claim 23 comprising gold 
encapsulated in hexanethiol. 

29. A composition according to claim 22 or 28 wherein 
the particle average maximum dimension of the gold par 
ticles is 5 nm or less. 

30. A composition according to claim 29 Wherein said 
dimension of the gold particles is less than 2 nm. 

31. A composition according to claim 17 or 23 Wherein 
said nanoparticle comprises copper. 
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32. A method for forming copper nanoparticles compris 
ing the speps of (a) dissolving copper chloride dihydrate in 
tetrahydrofuran to form a solution; (b) adding alkylamine to 
the solution from step (a); (c) adding sodium borohydride to 
the product of step (b); (d) separating the ethanol-insoluble 
solids from the product of step (c), said solids comprising 
copper nanoparticles. 


