
Plastic-Compatible Low Resistance Printable Gold
Nanoparticle Conductors for Flexible Electronics
Daniel Huang,a Frank Liao, b Steven Molesa,b David Redinger,b

and Vivek Subramanianb,z

aDepartment of Bioengineering,bDepartment of Electrical Engineering and Computer Sciences,
University of California, Berkeley, California 94720, USA

In recen
electronics.
in flat pane
such applic
cost sensor
devices bas
promising f
ricated enti
for such ma
ing physica
deposition~C
reel proces
room costs
tive in natu
reduced, re

Progress
with carrier
decade.5-7 In
organic sem
demonstrat
circuits hav
ing shift reg
little work h
namely, the
ponents ar
RFID appli
transformer
both active
light emittin
low resista
quire work
monly used
cost reel-to
resistance
technologie
must be co
be possible
peratures. S
acceptably
tor technolo
than this ra

It has be
reduced me

z E-mail: viv

Journal of The Electrochemical Society, 150 ~7! G412-G417~2003!
0013-4651/2003/150~7!/G412/6/$7.00 © The Electrochemical Society, Inc.

G412
Low resistance conductors are crucial for the development of ultra-low-cost electronic systems such as radio frequency identifi-
cation tags. Low resistance conductors are required to enable the fabrication of high-Q inductors, capacitors, tuned circuits, and
interconnects. The fabrication of these circuits by printing will enable a dramatic reduction in cost, through the elimination of
lithography, vacuum processing, and the need for high-cost substrates. Solutions of organic-encapsulated gold nanoparticles many
be printed and subsequently annealed to form low resistance conductor patterns. We describe a process to form the same, and
discuss the optimization of the process to demonstrate plastic-compatible gold conductors for the first time. By optimizing both the
size of the nanoparticle and the length of the alkanethiol encapsulant, it is possible to produce particles that anneal at low
temperatures (,150°C) to form continuous gold films having low resistivity. We demonstrate the printing of these materials using
an inkjet printer to demonstrate a plastic-compatible low resistance conductor technology.
© 2003 The Electrochemical Society.@DOI: 10.1149/1.1582466# All rights reserved.
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t years, there has been tremendous interest in flexible
Besides the obvious applications of flexible electronics

l displays,1 flexible circuits are also promising for use in
ations as radio frequency identification~RFID! tags,2 low
s,3 and other disposable electronic devices. In particular,
ed on organic semiconductors are considered to be very

or these applications since they may potentially be fab-
rely using printing technologies,4 eliminating the need
jor cost points as lithography, vacuum processing includ-
l vapor deposition, plasma etching, and chemical vapor
VD!, while simultaneously allowing the use of reel-to-

sing, resulting in reduced substrate handling and clean-
as well. Furthermore, since printing is inherently addi-

re, material and disposal costs are also expected to be
sulting in an extremely low net system cost.

in organic semiconductor technology has been rapid,
mobilities improving in a sustained fashion over the last
deed, the performance of various solution processed
iconductor materials has reached a state where circuit

ions are now possible. While several demonstration
e been fabricated using organic semiconductors, includ-
isters, multiplexers, display backplanes, and encoders,2,8

as been done on the other piece of the circuit puzzle,
passive components. The requirements for these com-

e tremendous, both in terms of performance and cost.
cations will require the printing of high-Q inductors,
s, and tuned circuits.9 Display applications including
matrix liquid crystal displays~AMLCDs! and organic
g diode~OLED! displays will require the printing of
nce interconnects. Furthermore, organic transistors re-
function-matched contacts. Evaporated gold is com-
for these circuits, but is too expensive for use in low

-reel applications. What is required, therefore, is a low
conductor technology suitable for printing using such
s as screen printing and inkjet printing. This technology
mpatible with organic electronic devices, in that it must
to fabricate these low resistance structures at low tem-
pecifically, many common low cost plastics deform un-

between 150 and 200°C. Therefore, any printed conduc-
gy must have a maximum temperature excursion lower
nge.
en known for some time that metal nanoclusters have
lting and sintering temperatures when compared to their

bulk counterparts.10 Monolayer protected clusters~MPCs! of gold
protected by alkanethiols can be dissolved into common nonpolar
solvents such as toluene, THF, and hexanes, and are therefore suit-
able for printing. Their low sintering temperatures make them po-
tentially suitable for use in electronics in plastic, since they may
potentially be annealed at low temperatures to form low resistance
conductor films. Thiol-derivatized gold nanoclusters have been used
in numerous interdisciplinary applications ranging from biological
marking to nanotechnology.11,12Unfortunately, the melting/sintering
temperatures for all gold nanocrystals reported to date are greater
than 200°C, making them unsuitable for use in electronics on plastic
applications. In this paper, we demonstrate a thiol-derivatized gold
nanocluster technology suitable for use in printed circuits on plastic.
We demonstrate, for the first time, a plastic-compatible gold nano-
crystal technology with a temperature excursion of less than 150°C.
Using a systematic study of the nanoparticle synthesis parameters,
we demonstrate the optimization of the same to achieve low anneal
temperatures while maintaining low film resistance.

Experimental

To enable the optimization of the conductor process, gold nanoc-
rystals were synthesized with varying diameter and encapsulant spe-
cies. After synthesis and purification, the nanocrystals were dis-
solved in a solvent and dispensed onto plastic substrates by
micropipetting or inkjet printing. Upon drying, the resulting films
~which are nonconductive as deposited due to the presence of the
insulating alkanethiols! were annealed to form a low resistance con-
ductor patterns. The various transition temperatures associated with
the anneal process and the final resistance were measured and re-
lated to the synthesis and anneal conditions to establish optimization
guidelines, enabling the development of a low temperature conduc-
tor process. The entire process is described in detail below.

Nanocrystal synthesis.—The synthesis of the gold nanoclusters
followed that reported by Murray.13 Here, we studied the effect of
nanocrystal size. We varied the length of the alkanethiol molecules
that was used as the encapsulant, and also adjusted the size of the
resulting nanocrystal by controlling the relative mole ratio of the
encapsulant and gold.

In brief, 1.5 g of tetroactylammonium bromide was mixed with
80 mL of toluene and added to 0.31 g of HAuCl4 :xH2O in 25 mL of
deionized~DI! water. AuCl42 was transferred into the toluene and
the aqueous phase was removed. A calculated mole ratio of an al-
kanethiol was added to the gold solution. Thiols with lengths rang-eks@eecs.berkeley.edu
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arbon atoms to 12 carbon atoms were used. For crystals
iameters (;5 nm average diam!, a thiol:gold mole ratio

as used. For smaller diameters, nanocrystals (;1.5 nm
thiol:gold mole ratio of 4:1 was used. Sodium borohy-
in 25 mL of water was added into the organic phase

ddition over approximately 10 s. The mixture reacted at
erature for three and a half hours. The toluene was re-
a rotary evaporator and the leftover black particles sus-
thanol and sonicated briefly. The particles were washed
l and acetone and air dried.

tests.—The gold nanocrystals were redissolved in tolu-
saturated solutions. To measure resistance, the solutions
icropipetted onto an insulating substrate~either plastic

d allowed to air dry. To confirm plastic compatibility,
mercial plastics were used. Commercial polyester films
side of 3M inkjet transparencies and the uncoated side

ter transparencies! generally had deformation tempera-
range of 150-180°C, where we defined the deformation
as the temperature at which the film underwent dra-

ction. Typically, these films showed significant degrada-
parency at temperatures 10-20°C lower, which therefore

an upper bound on the usable temperature range for
rials, depending on their application. Therefore, these

films were used only for the lower temperature tests. For these tests,
the micropipetted film was dispensed on the uncoated surface of the
polyester films, distributed by 3M as inkjet transparency film. For
heating tests involving higher temperatures, Dupont Melinex films
based on a polyethylene terephthalate base were used. These films
were found to survive temperature excursions as high as 200°C and
higher without undergoing substantial surface deformation. On these
high temperature plastics, the full range of experiments were per-
formed. Importantly, no substantial difference in resistivity or con-
version temperature was noted between the various plastics for these
micropipetted patterns. After the micropipetted solution had dried,
the resulting nonconductive black film was then heated on a hotplate
equipped with a surface probe to ensure accurate temperature mea-
surement. Upon application of adequate heat, the film converted to a
continuous gold conductor. This happened through a two-step pro-
cess, involving the sublimation of the alkanethiol, followed by the
melting, coagulation, and immediate solidification of the gold nano-
particles to form continuous gold films. The anneal process is shown
in Fig. 1.

A ramped anneal was performed to determine the various transi-
tion temperatures. The thiol burnoff temperature was determined
visually, by a rapid transition of the film color from black to gold,
accompanied by a sublimation of the thiol in the form of a black

quence of chemical modifications during gold deposition and anneal:~a! the gold is deposited as a solution.~b! After the solvent evaporates, the
k nonconductive film is heated.~c! The alkanethiol encapsulant sublimates and~d! the gold nanoparticles coalesce to for a continuous gold film.
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Table I. Multifactorial screening design used to determine effect of anneal and deposition parameters on transition temperatures and film
resistivity.

Pattern

Deposition
temperature

~°C!

Postannealb

temperature
~°C!

Particle size
~nm!

Alkanethiol
carbon chain

length Anneal ambient

22221 RTa Melt 1.5 4 Air
22212 RT Melt 1.5 6 N2
22122 RT Melt 5 4 N2
22111 RT Melt 5 6 Air
21222
21211
21121
21112
12222
12211
12121
12112
11221
11212
11122
11111

a RT is Roo
b Postanne

temperatu
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n further annealing, the film underwent a color transition
golden color to a shiny gold. This indicated the nano-
ing temperature. At this point, the film achieves a low
tate. Resistivity of the films were measured using a four-
and an HP4156 semiconductor parameter analyzer.
the effect of various experimental conditions, a multi-

sign of experiments was used to screen for the effects of
ameters on the transition temperatures and final film re-
e studied parameters were nanocrystal size, encapsula-
chain length, anneal ambient, and postanneal conditions.
ental design is shown in Table I. Using the results of the
esign, an optimized nanocrystal synthesis and anneal
s selected. Using this process, low resistance inkjetted
ines were printed. For a 1mm thick line, a sheet resis-
s than 0.03V/h was achieved, indicating 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 tempera-
ture ~maximum temperature excursion of 140°C using the
hexanethiol-encapsulated nanoparticles! on the uncoated surface of
the low temperature commercial polyester-based plastic described
above. It is important to note that the toluene solvent does in fact
attack the plastics used herein; however, the actual volumes of so-
lution used during injetting are extremely small~typical drop sizes
were,40 pL), facilitating rapid evaporation of the toluene. There-
fore, no damage to the plastic substrate was found to occur. The
enhanced evaporation of the toluene was facilitated 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

RT Melt 1 20 1.5 4 N2
RT Melt 1 20 1.5 6 Air
RT Melt 1 20 5 4 Air
RT Melt 1 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 1 20 1.5 4 Air
150 Melt 1 20 1.5 6 N2
150 Melt 1 20 5 4 N2
150 Melt 1 20 5 6 Air

m temperature (;300 K).
als were performed to reduce resistivity. Postanneal condition was predetermined from the melt temperature measured during the ramped
re transition measurements.
Atomic force micrograph of an inkjetted line.~b! Optical micrographs of an inkjetted inductor formed on commercial polyester-based general
sparency plastic.
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The adhesion was found to be a strong function of the
of the substrate during jetting. In general, it was found

on improved dramatically when the temperature of the
as raised close to the thiol sublimation temperature. The
his improved adhesion is currently under investigation. It
d that some thiol remains as an interfacial layer between
nd the gold, improving the adhesion.
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mercially important plastic-compatible range. To our
this is the first time that such a low anneal temperature
process has been reported.
n for the effects of the various synthesis and anneal
on the anneal temperature requirements, a multifactorial
esign was used. The design~shown in Table I!, was
to identify first-order effects and most two-parameter

nsmission electron micrographs of hexanethiol-encapsulated
synthesized with a gold: thiol mole ratio of 1:1/12, resulting in
article diam of;5 nm.
. The temperature at which conduction occurred was

mine the size of the nanocrystals, dilute solutions of the
deposited on copper grids and analyzed using transmis-
n microscopy. Figures 3 and 4 show transmission elec-
raphs of hexanethiol-encapsulated nanocrystals synthe-
old: thiol concentrations of 1:4 and 1:1/12, respectively.
by Murrayet al.,13 there is a distribution of sizes for the

ncentrations of thiols used. The 1:4 ratio gives smaller
s of a size of approximately 1.5 nm in diam and a rela-
istribution in diameter. The 1:1/12 ratio of gold to thiol
er distribution, with an average diam of 5 nm.
shows the results of the annealing tests. From this table,
nt that the required anneal temperature is a strong func-
encapsulant carbon chain length. Nanocrystals encapsu-
decanethiol anneal at 170-200°C, which is not plastic
However, by reducing the carbon chain length to four or
sible to obtain nanocrystals that anneal at temperatures
with many low cost plastics. Interestingly, it is also ap-
the larger nanocrystals have lower anneal temperature

ts. This is unexpected, since it is known that the melt
of individual 1.5 nm diam nanocrystals is lower than
nm diam nanocrystals. We explain this behavior based

that the volume fraction of encapsulant is significantly
e 1.5 diam particles, and therefore, using the same

neal process, a higher temperature is required to com-
off the encapsulant. The effect of encapsulation carbon
on the various transition temperatures is shown in Fig.

ich show the variation in the various transition tempera-
unction of carbon chain length for 1.5 and 5 nm nanoc-
ectively. It is important to note that nanocrystals formed
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Dodec
Octane
Hexan
Butane
response. The response of this parameter to alkanethiol
in length, particle diameter, deposition temperature, and
ient is shown in Fig. 7~the linearity of the plots is due to
ation of first-order effects and interactions only!. Only
in length and particle diameter had a significant impact
erature at which conduction occurred. All other param-
ition temperature, anneal ambient, and postanneal tem-
not have significant impact upon the temperature at

uction occurred. This is expected, since the encapsulant
d through a sublimation process, and was therefore es-
ependent of these factors. As in the previous experi-

ariation in transition temperatures during anneal as a
f encapsulant chain length and nanoparticle size.

5 nm particles~1:1/12th mole ratio!

ant

Thiol sublimation
temperature

~°C!

Au coalescence
temperature

~°C!

Conduction
temperature

~°C!

thiol 170-180 170-180 170-180
ol 160-172 160-172 170
iol 100 120 150
ol 120 120 120

1.5 nm particles~1:4 mole ratio!
thiol 190 190 190

ol 168-180 168-180 175
iol 169 175 175
ol 127 127-137 133
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temperature at which conduction occurred showed a
ndence on carbon chain length, and some dependence on
size. As above, the larger nanocrystals appeared to have
temperature at which conduction occurs; this is again
y the substantially larger volume fraction of encapsulant
e sublimated for the smaller nanoparticles.
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be essentially independent of synthesis conditions, pro-
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ortant to note that the anneal temperatures determined
measured for fairly thick films, several micrometers

inner films, on the order of 1mm, anneal temperatures
ssed across the board by approximately 20°C. This again
e fact that the removal of the encapsulant is the limiting
rming low resistance conductors. The inkjetted line
g. 2 has a sheet resistance of 0.03V/h for a 1mm thick
tire process is performed at a maximum temperature of
ly 150°C.

sts on stability were also performed. In general, the shelf
hort carbon chain nanocrystals was reduced, unless the
s were stored in a refrigerated state. This reduced shelf
sed by the continuous evaporation of the encapsulant,
nanocrystal degradation through reduction in solubility.
, the larger nanocrystals were also found to have shorter

gain due to encapsulant evaporation. Since the larger
s had a smaller volume fraction of encapsulant, they
sensitive to environmental degradation. The most prom-
ate for printed conductors appears to be the 1.5 nm
capsulated with hexanethiol. Inkjet printed films have

peratures less than 150°C, which are plastic compatible.
ystals also have excellent stability, lasting several months
orm without degradation.

Conclusions

per, for the first time, we have demonstrated a plastic-
printed conductor process using gold nanocrystals. By

e alkane chain length we can significantly lower the pro-
perature requirements necessary to convert solution-

anoparticles into low resistance, continuous films. Using
on chain length thiols, it is possible to produce nano-
t anneal at plastic-compatible temperatures. The anneal
re independent of anneal ambient, and low resistance
iformly achieved provided a sufficient anneal is used to
drive off the encapsulant. There is a tradeoff between
anneal temperature due to the instability of thiols with

e chains. However, optimization of the process reveals
gold nanoclusters encapsulated with hexanethiol have

ty and are suitable for use as printed conductors on plas-
rinted conductor patterns formed on plastic using this
ult in low resistance lines with conductivities as high as
gold, attesting to the quality of this process.
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