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ABSTRACT We show the fast preparation of printable highly conductive polymer nanocomposites for future low-cost electronics.
Highly conductive polymer nanocomposites, consisting of an epoxy resin, silver flakes, and incorporated silver nanoparticles, have
been prepared by fast sintering between silver flakes and the incorporated silver nanoparticles. The fast sintering is attributed to: 1)
the thermal decomposition of silver carboxylate—which is present on the surface of the incorporated silver flakes—to form in situ
highly reactive silver nanoparticles; 2) the surface activation of the incorporated silver nanoparticles by the removal of surface residues.
As a result, polymer nanocomposites prepared at 230 °C for 5 min, at 260 °C for 10 min, and using a typical lead-free solder reflow
process show electrical resistivities of 8.1 x 107° 6.0 x 107% and 6.3 x 107> Q cm, respectively. The correlation between the
rheological properties of the adhesive paste and the noncontact printing process has been discussed. With the optimal rheological
properties, the formulated highly viscous pastes (221 mPa s at 2500 s™') can be non-contact-printed into dot arrays with a radius of
130 um. The noncontact printable polymer nanocomposites with superior electrical conductivity and fast processing are promising

for the future of printed electronics.
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1. INTRODUCTION
he preparation of novel printable conductive materi-

als or inks is essential to providing new solutions to

the dramatically increasing need for low cost, high
performance, electrically functional devices in printed elec-
tronics (1—5). Inkjet printing of conductive silver inks on a
substrate followed by sintering of silver nanoparticles (6—10)
or thermal decomposition of metallo-organic precusors
(11, 12) has been developed as a promising technique for a
variety of electronic applications. These applications include
the interconnection of circuitry on a printed circuit board
and the fabrication of conductive tracks or electrodes for
thin-film transistors (TFTs), light-emitting diodes, solar cells,
sensors and radio frequency identification (RFID) tags
(13—15). However, current commercially available silver
conductive ink technologies have unaffordable drawbacks.
Silver conductive inks do not offer strong enough adhesion
on many substrates for use as an interconnect material or
for mechanical reliability in flexible substrates (16, 17). After
printing and subsequent sintering, the resulting silver films
lack cohesion and tend to crack due to considerable shrink-
age (17). Moreover, sintering processes take 10 min (18) or
longer (19, 20), limiting commercial applications. To address
the drawbacks of silver inks, highly conductive epoxy-based
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polymer composites with a combination of electrical, me-
chanical, and adhesive functions are a promising solution
for printed electronics. One of the main disadvantages of
conventional conductive epoxy-based composites is the
relatively high electrical resistivity (3.5 x 107% Q cm),
compared with eutectic Sn/Pb solders (1.5 x 107> Q cm)
(2, 21, 22). By incorporation of silver nanoparticles with
nearly complete decomposition of surface residues at the
curing temperature, we have demonstrated the preparation
of highly conductive polymer nanocomposites with electrical
resistivity of 4.8 x 107> Q cm at 180 °C for 60 min (23).
However, the trend toward mixed assembly technologies,
having components attached with both solder and conduc-
tive epoxy-based composites on the same board requires
uniformity of the curing profile/solder reflow processes. To
obtain maximum device level reliability and reduce the cost,
conductive epoxy-based composites are required to be cured
in a short duration, and most preferably during the solder
reflow process.

Here we describe the preparation of printable highly
conductive polymer nanocomposites by fast sintering of
silver flakes and silver nanoparticles within a polymer
matrix. The thermal behavior of silver flakes and silver
nanoparticles has been investigated by thermogravimeteric
analysis (TGA), surface-enhanced Raman spectroscopy (SERS)
and scanning electron microscopy (SEM). This provides a
guideline for the processing temperature for the preparation
of highly conductive polymer nanocomposites. At certain
temperatures, the thermal decomposition of silver carboxy-
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FIGURE 1. Schematic illustration of the sintering between Ag nanoparticles and Ag flakes within a polymer matrix.

late on the surface of silver flakes forms highly reactive silver
nanoparticles. The formation of silver nanoparticles on the
surface of the silver flakes and the thermal decomposition
of residues on the surface of the incorporated silver nano-
particles occur simultaneously. Both the in situ formed and
the incorporated silver nanoparticles are highly reactive due
to their high surface-to-volume ratios and minimal surface
residues. The nearly complete decomposition of surface
residues facilitates the sintering among silver flakes, in situ
formed silver nanoparticles, and the incorporated silver
nanoparticles. The sintering process enables the formation
of metallurgical bonds between the conductive fillers, in-
stead of physical contacts, within the polymer matrix. The
formation of metallurgical bonds effectively reduces or even
eliminates the contact resistance among the conductive
fillers, leading to highly conductive polymer nanocomposites
(Figure 1). The effects of sintering time and temperature on
the electrical resistivity of the polymer nanocomposites have
been studied. In addition, we discuss the correlation be-
tween the rheological properties of conductive adhesive
pastes and the noncontact printing process. Finally we
demonstrate the noncontact printing of the conductive
adhesive pastes.

2. EXPERIMENTAL SECTION

Silver nanoparticles used in the present study were synthe-
sized by Combustion Chemical Vapor Condensation (CCVC)
method (24—26). Silver flakes with a surface area of 0.57 m?/g
were donated by Ferro Corp. The wide size distribution of silver
flakes in the range of several to about twenty micrometers was
used to improve the packing density. Typically, surface lubri-
cants such as stearic acid were present on the surface of silver
flakes to improve the rheological properties and prevent the
aggregation of silver flakes. Silver nanoparticles and silver flakes
with an optimized ratio of 4:6 (totally 80 wt % of the mixture)
were incorporated into the mixture of diglycidyl ether of
bisphenol F (DGEBF, Shell Chemical Co.) and hexahydro-4-
methylphthalic anhydride (HMPA, Lindau Chemicals) (21). The
weight ratio of DGEBF to HMPA is 1:0.85. The mixture was
sonicated for one hour to disperse the conductive fillers within
the epoxy resin. Following sonication, the catalyst, 1-cyanoet-
hyl-2-ethyl-4-methylimidazole (2E4MZ-CN, Shikoku Chemicals
Corp.), was added into the formulations and the resulting
conductive adhesive paste was further sonicated for another 30
min. Two strips of a Kapton tape (Dupont) were applied onto a
precleaned glass slide. The formulated paste was printed on the
glass slide and put into the oven with a preset temperature for
curing. Reflow tests were conducted in a BTU oven (BTU
International). The reflow oven has seven chambers and one
cooling station. The temperatures for each chamber were set
to 75,110, 156, 198, 221, 255, and 175 °C, characteristic of a
typical lead-free solder reflow profile.
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After thermal cure or reflow, the bulk resistance (R) of
polymer composite strips was measured by a Keithley 2000
multimeter. The width and length of the specimen were mea-
sured by digital caliper (VWR). The thickness of the specimen
was measured by Heidenhain (thickness measuring equipment,
ND 281B, Germany). Bulk resistivity, p, was calculated using

eq 1
tw

PZTR (1)

where [, w, and t are the length, width, and thickness of the
sample, respectively. Weight losses of the silver nanoparticles
and flakes during heating in air were studied using TGA (TA
Instruments, model 2050) at a heating rate of 20 °C/min.
Raman spectra of the silver nanoparticles were obtained by
using a LabRAM ARAMIS Raman confocal microscope (HORIBA
Jobin Yvon) equipped with a 532 nm diode pumped solid state
(DPSS) laser. Silicon wafer was used as a substrate for Raman
measurements. The rheological properties of the adhesive
pastes were measured with cone—plate (2°) geometry at 23 °C
by a stress-controlled rheometer from TA Instruments, model
AR1000-N. Noncontact printing (or jetting) of the pastes was
performed at room temperature by ASM Pacific Technology Ltd.
using a jet dispenser with air pressure of 0.1—0.15 bar and
jetting time of 5 ms. The nozzle size was 50 um.

3. RESULTS AND DISCUSSION

Thermal Decomposition of Silver Carboxylate
on the Surface of Silver Flakes. Commercial silver
flakes are generally produced from silver powders by a ball-
milling process. To prevent the aggregation of silver pow-
ders, an organic lubricant, generally a fatty acid (such as
stearic acid), is typically used during the production of silver
flakes. After production, a thin layer of lubricant is present
on the surface of silver flakes (27—30). The thin layer of
lubricant affects the interaction of silver flake with other
silver flakes and with the polymer system (29). Conse-
quently, this layer of surface lubricant affects the dispersion
of silver flakes, the rheology of formulated pastes, and the
electrical conductivity of the resulting polymer composites.
Figure 2 shows Raman spectra of the lubricant on the surface
of silver flakes without thermal treatment and after isother-
mal heating at 230, 250, and 260 °C for 5 min. Although
the very small shoulder peak at 1700 cm™' indicates the
presence of a trace amount of the fatty acid, the peaks at
1432 and 1591 cm™' are assigned to the symmetric
(v5(COOM)) and antisymmetric (v,5(COO™)) stretching vibra-
tions of the carboxylate group, respectively (31—33). The
presence of the strong bands due to the stretching vibrations
of the carboxylate group and a very weak band due to the
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FIGURE 2. Raman spectra of the lubricants on the surface of Ag
flakes (a) without thermal treatment and after being isothermally
heated at different temperatures for 5 min: (b) 230, (c) 250, and (d)
260 °C.
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FIGURE 3. TGA of the Ag flakes (a) without thermal treatment and
after being isothermally heated at different temperatures for 5 min:
(b) 230, (c) 250, and (d) 260 °C. Inset is the first derivative of TGA
curve a in the temperature range of 100—350 °C. Significant weight
loss and increase are at 218 and 227 °C, respectively.

carbonyl stretching of a carboxylic acid indicates that most
fatty acids have been converted into carboxylates on the
surface of silver flakes. It is well-known that the binding of
fatty acid to a silver surface will lead to the breaking of the
O—H bond in the fatty acid and subsequent formation of a
carboxylate species, which formed a bond between the
oxygen in the carboxylate group and the silver surface
(—COOAg) (27—30). Therefore, the thin layer of lubricant is
a silver salt formed between fatty acid and silver, i.e., silver
carboxylate, rather than a free fatty acid, which is consistent
with previous studies (27—30). The peak at 933 cm™ ' is due
to C—COO™ stretching (32). The peaks at 2850 and 2924
cm™! are assigned to the symmetric and asymmetric stretch-
ing vibrations of the methylene group. The methylene
twisting, wagging and scissor appear at 1297, 1362, and
1474 cm™!, respectively (31). Figure 3 shows the TGA results
of the silver flakes. A weight loss started at 150 °C and it
continued up to 223 °C with a weight loss of 0.14% . This
weight loss was followed by a weight increase of 0.01 % until
234 °C. The weight increase is due to the oxidation of the
lubricant on the silver flakes (27). After 234 °C, further
weight loss was observed and final weight loss at 450 °C
was 0.23%. The weight loss (0.23%) results from the
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decomposition of the carboxylate. This amount of the
surface lubricant corresponds to roughly a monolayer of
stearate on the surface of silver flakes (30). This lubricant
monolayer plays a key role in the sintering between silver
flakes as it provides an energy barrier for sintering. Substan-
tial removal of the lubricant layer is a prerequisite for
sintering to occur. After isothermal heating at 230, 250, and
260 °C for 5 min, the weight losses of the silver flakes are
0.16, 0.17, and 0.18%, respectively. The corresponding
Raman spectra of the lubricant on the surface of silver flakes
after thermal treatments are shown in Figure 2. The Raman
intensities of the lubricant on the surface of the treated silver
flakes were significantly reduced. With the thermal treat-
ment at 230 °C, C—C stretching at 1062 cm™!, —COO~
deformation at 695 cm™!, and Ag—O stretching (—COOAg)
at 253 cm™!' became prominent, while the peak at 483 cm™!
disappeared indicating the decomposition of silver oxide
(23, 24). The presence of both the Ag—O stretching and the
carboxylate species further indicates that the lubricant layer
is silver carboxylate. A Raman peak at 1769 cm™" assigned
to C=0 stretching appeared after thermal treatment, which
further confirmed the oxidation of surface lubricants during
the thermal treatment (Figure 2, inset). As the temperature
was increased to 250 °C, the peaks at 2924, 2850, and 933
cm™! disappeared and the peak at 253 cm™' showed lower
intensity and broadening. Meanwhile, the peak at 1769 cm™!
became more obvious, indicating more surface lubricants
being oxidized. A further increase in the temperature re-
sulted in the nearly complete disappearance of all peaks
except a small peak at 1062 cm™', indicating that most
surface lubricants were decomposed. It is well-documented
that the thermal decomposition of silver carboxylate leads
to the formation of silver nanoparticles (11, 35—40). The
thermal decomposition products of silver carboxylate are
related to the decomposition atmosphere, heating rate and
temperature (37, 39). Studies from Liu et al. reveal that the
thermal decomposition product of silver behenate is CO, at
230 °C, and hydrogen and water at 260 °C, respectively,
verified by combined thermogravimetry-differential thermal
analysis-mass spectrometry (TG-DTA-MS) analysis (40). In
the present study, the thermal decomposition was con-
ducted in air, so the final products were metallic silver and
gases (CO, and H,0) (38, 40). From the TGA and Raman
results, it can be concluded that during isothermal heating
at the temperatures, the thin layer of lubricant-silver car-
boxylate-present on the surface of silver flakes has been
substantially decomposed, facilitating the sintering between
silver flakes.

Figure 4 shows the SEM images of the silver flakes
untreated and after isothermal heating at 230, 250, and 260
°C for 5 min. As shown in Figure 4a, the silver flakes have
a broad size distribution, which enables higher packing
density improving conductivity at given filler loadings. There
are some nanosized silver bumps on the surface of untreated
silver flakes, but the surface is relatively smooth (Figure 4a,
inset). After the thermal treatments, the surface of silver
flakes shows increased roughness. The increased surface
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FIGURE 4. SEM images of the Ag flakes (a) without thermal treatment and after being isothermally heated at different temperatures for 5
min: (b) 230, (c) 250, and (d) 260 °C. Scale bars are 4 um and 400 nm (inset), respectively.

roughness is the result of thermal decomposition of silver
carboxylate on the surface of silver flakes, which forms
highly reactive nano- or submicrometer-sized silver particles
that sintered with the silver flakes (Figure 4b and inset). Note
that sintering between adjacent nanosized bumps on the
surface of a silver flake is dependent on the decomposition
of silver carboxylate since the activation energy of surface
diffusion is lower than that of bulk diffusion (41). The lack
of a surfactant on the surface of these particles means they
have a high surface energy facilitating mass transport, even
at temperatures well below the melting temperature of bulk
silver (961.8 °C). Sintering of these nanoparticles is evident by
the formation of “bridges” between silver flakes after isothermal
treatment at 230 °C for 5 min. The higher thermal treatment
temperature led to wider necks and rougher surfaces (Figure 4c
and inset). As the temperature increases to 260 °C, there
was a transition to edge by edge sintering and no isolated
flakes were observed at that temperature (Figure 4d and
inset). It should be emphasized that during isothermal
heating, the thermal decomposition of silver carboxylate to
form in situ highly reactive silver nanoparticles is crucial for
the sintering between silver flakes, including the sintering
between nanosized silver bumps on the surface of silver
flakes. Without the thermal decomposition, sintering will not
proceed. The formation of “bridge” or edge by edge sintering
enables the formation of metallurgical bonds among silver
flakes, which remarkably facilitates the electron transport
among the silver flakes.

Thermal Behavior of Silver Nanoparticles. Nano-
particles tend to sinter or Ostwald ripen to reduce their total
free energy (38, 42, 43). Generally, during the synthesis of
silver nanoparticles, a variety of stabilizers are utilized to
control the size, size distribution and stability (44—47),
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including long-chain carboxylate (48), polyvinylpyrrodine
(49), polyacrylamide (44), and poly(vinyl alcohol) (46). These
stabilizers provide an energy barrier to sintering. Sintering
occurs only after the substantial removal of the stabilizers.
However, the removal of the stabilizers typically requires a
temperature higher than 250 °C and a relatively long time
because of a relatively large amount of surface residues on
the particle surface (>10 wt %) in most cases (47, 49—51),
low mobility of surfactants, and the tendency of surfactants
to physically adsorb. These surfactants are necessary to
obtain a good dispersion and prevent aggregation of silver
nanoparticles in the polymer matrix. To address these
challenges, we used silver nanoparticles synthesized by
CCVC (24—26). Silver nanoparticles synthesized by CCVC
offer many significant advantages over those by wet chemi-
cal methods for the preparation of highly conductive poly-
mer composites. CCVC nanoparticles synthesis produces
nanoparticles whose surface residues have minimal surface
coverage and low decomposition temperatures. For ex-
ample, silver nanoparticles synthesized by CCVC showed a
2.45% weight loss of surface residues at 450 °C; the
decomposition of surface residues started at 160 °C and was
almost finished at 220 °C (23). Additionally, nanoparticles
produced from CCVC methods have narrow size distribution
and high production rates (up to 0.1—1 kg/h) (23, 52).
Previously, we have found that silver nanoparticles with
lower decomposition temperatures of surface residues and
lower contents of surface residues are more desirable for low
temperature sintering of silver nanoparticles and the prepa-
ration of highly conductive polymer composites (23). To
facilitate the fast sintering, the experimental conditions for
CCVC nanoparticle synthesis were optimized in the present
study. Figure 5 shows the TGA results of the silver nanopar-
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FIGURE 5. TGA of the Ag nanoparticles synthesized by CCVC (a)
without thermal treatment and after being isothermally heated at
different temperatures for 5 min: (b) 230, (c) 250, and (d) 260 °C.
Inset is the first derivative of curve a.

ticles. The weight loss of the silver nanoparticles started at
150 °C and was nearly completed at 195 °C. The final
weight loss at 450 °C was 0.49 % . The present silver nano-
particles with even lower decomposition temperatures of
surface residues and lower contents of surface residues will
better facilitate the fast sintering between silver nanopar-
ticles and the fast preparation of highly conductive polymer
composites. The significant weight loss observed at 191 °C
may be attributed to the decomposition of silver oxide or
possibly organic residues from the synthesis (23). After
isothermal heating at 230, 250, and 260 °C for 5 min, the
weight losses of the silver nanoparticles were 0.40, 0.42, and
0.42 %, respectively. Comparing the net weight loss of the
silver nanoparticles at 450 °C (0.49 %), we can conclude that
the surface residues have almost been decomposed at these
temperatures. The nearly complete decomposition of sur-
face residues at these temperatures within 5 min facilitates
the fast sintering of silver nanoparticles. The novel use of
CCVC nanoparticles in epoxy-based composites allows the
fast preparation of highly conductive polymer nano-
composites.

Raman spectra of the surface residue on silver nanopar-
ticles without thermal treatment and after isothermal heat-
ing at 230, 250, and 260 °C for 5 min are shown in Figure
6. The peak at 1769 cm™" assigned to the C=0 stretching is
related to the oxidation product during the CCVC synthesis
under oxidizing conditions. The peaks at 1404 and 1568
cm™! are assigned to the symmetric and antisymmetric
stretching vibrations of —COO™ (31—33). The peaks at 2847
and 2935 cm™! are assigned to the symmetric stretching
vibrations of the methylene group and the methyl group,
respectively. The deformation of the methyl group appears
at 1370 cm™'. The peak at 956 cm™' is ascribed to the
C—COO" stretching. Additionally, a weak peak centered at
487 cm™ ! in Figures 3 and 4 indicates the presence of silver
oxide on the silver nanoparticle surface. The intensity of the
peaks described was significantly reduced after isothermal
heating at 230 °C for 5 min. Most of the peaks disappeared
after isothermal heating at 250 and 260 °C for 5 min. The
disappearance of the peak at 487 cm™' indicated the de-
composition of silver oxide at the temperatures. It should
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FIGURE 6. Raman spectra of the surface residues on the Ag nano-
particles synthesized by CCVC (a) without a thermal treatment and

after being isothermally heated at different temperatures for 5 min:
(b) 230, (c) 250, and (d) 260 °C.
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be noted that the decomposition temperature of silver oxide
varies from 160 to 350 °C (34, 53, 54). Raman results further
confirm that the surface residues have almost been decom-
posed after isothermal heating at the temperatures for
5 min.

Figure 7 shows the SEM images of the silver nanoparticles
without thermal treatment and after isothermal heating at
230, 250, and 260 °C for 5 min. Compared with the
untreated silver nanoparticles (Figure 7a), the size of the
thermally treated silver nanoparticles increased significantly.
These nanoparticles formed a porous 3D continuous net-
work after isothermal heating at 230 °C for 5 min (Figure
7b). The formation of necks among the silver nanoparticles
was the result of surface diffusion driven by a reduction in
surface energy. Surface diffusion dominates at the initial
sintering stage since the activation energy of surface diffu-
sion is lower than that of grain boundary and lattice diffu-
sions (41). As the temperature increases to 250 °C, the
particle sizes increased further and the necks between them
widen (Figure 7¢). Densification observed at 260 °C indi-
cates the dominant grain boundary/lattice diffusions during
the sintering process (Figure 7d).

Electrical Properties of Polymer Nanocompos-
ites. Although the electrical resistivity of silver films close
to that of bulk silver (1.6 x 107° Q cm) has been achieved
by sintering of silver nanoparticles in silver inks (11, 41, 55),
it remains a challenge to sinter silver nanoparticles within
polymer matrices to achieve highly conductive polymer
composites. In most cases, the incorporation of silver nano-
particles into a polymer matrix results in a polymer com-
posite with a very high resistivity (49, 56, 57), as a result of
increased contact points and reduced contact area among
conductive fillers (56). The possible reasons are: (1) the
difficult debonding or decomposition of organic molecules
(or silver oxide) at curing temperatures (6, 23, 58, 59); (2)
the impediment of the sintering of silver nanoparticles by
high volume fraction (typically 70—80 vol %) of highly cross-
linked polymer matrices (23). In the present study, the
curing of the epoxy resin and the sintering among the
conductive fillers occur simultaneously. Figure 8 shows
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FIGURE 7. SEM images of the Ag nanoparticles synthesized by CCVC (a) without thermal treatment and after being isothermally heated at

different temperatures for 5 min: (b) 230, (c) 250, and (d) 260 °C. Scale bars are 400 nm.
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FIGURE 8. Effects of curing time and temperature on the resistivity
of polymer nanocomposites.

the effect of curing (or sintering) time and temperature on
the resistivity of polymer nanocomposites. When cured at
230 and 250 °C for 2 min or at 260 °C for 1 min, the
polymer nanocomposites show high resistivities. When the
curing time is 3 min, the polymer nanocomposites prepared
at 230 °C show a lower resistivity (9.8 x 107° Q cm) than
those of conventional silver-filled polymer composites at the
same filler loading. As the temperature increases, polymer
nanocomposites with even lower resistivities can be ob-
tained. Increasing curing time to 5 min led to a further
decrease in electrical resistivity for the samples cured at 260
°C. This improvement in conductivity was less pronounced
for the samples cured at 230 and 250 °C. Extending the
curing time to 10 min at 260 °C results in the polymer
nanocomposites with a resistivity of as low as about 6.0 x
107° Q cm, close to the resistivity of bulk silver. In addition,
polymer nanocomposites cured using a typical lead-free
solder reflow profiles show electrical resistivity of 6.3 x 107>
Q cm. The preparation of highly conductive polymer nano-
composites during solder reflow reduces the processing
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steps and cost, enabling the natural integration into standard
industrial electronic packaging processes.

Figure 9 shows the cross-section of polymer nanocom-
posites cured at 230, 250, and 260 °C for 5 min and 260
°C for 10 min. At 230 °C, the particles within the polymer
matrix were connected to one another and formed necks
(Figure 9a). At 250 °C, the neck size between the particles
increased and rodlike structures formed (Figure 9b). When
increasing the temperature to 260 °C, the particles grew
significantly and necking was more prominent (Figure 9 (c)).
When curing was conducted at 260 °C for 10 min, smoother
facets with elongated particle structures formed (Figure 9d).
The necking exhibited during the sintering process ef-
fectively reduces or even eliminates the contact resistance
among the conductive fillers and enable the formation of 3D
continuous conductive networks within the polymer matrix,
leading to the highly conductive polymer nanocomposites.

Rheological Properties and Noncontact Printing
of the Paste. The noncontact printing is defined as the
accurate dispensing of materials onto a selective location
without physical contact in a controlled manner. The attractive
features of noncontact printing technologies are cost-effective-
ness, reduced waste of precious materials, the accurate dis-
pensing of a small amount of materials onto a selective
location, no special requirements for substrates (e.g., rough-
ness, flexibility), and environmental friendliness (60—62). De-
spite these advantages many of the necessary processing
conditions are still not fully understood. Most importantly, the
effect of the rheological properties of the printed materials on
the printing process is still undetermined. The viscosity of any
printed composite materials strongly depends on the filler
loading, filler size, shape, and additives that are used to tune
the rheological properties. Noncontact printing technologies
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FIGURE 9. SEM images of the cross-section of polymer nanocomposites cured at (a) 230 °C, 5 min; (b) 250 °C, 5 min; (c)260 °C, 5 min; and

(d)260 °C, 10 min. Scale bars are 2 um.
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FIGURE 10. Viscosity as a function of shear rate for the paste filled with
80 wt % Ag fillers. Inset is an oscillatory stress sweep test for the paste.

require that the materials should readily flow and have the
ability to recover its viscosity rapidly to retain the shape of the
adhesive paste after printing (63). With the incorporation of
silver nanoparticles, the viscosity of the conductive adhesive
paste (the mixture of conductive fillers, the epoxy resin, etc.,
before curing) increases dramatically at low shear rates.
However, the addition of large amounts of solvent to reduce
the viscosity would result in the sedimentation of silver
flakes, which causes variations in the local silver concentra-
tion and may block the nozzle (16). These requirements
render noncontacting printing of highly viscous pastes chal-
lenging. Figure 10 shows the viscosity vs shear rate of the paste
used in the present study. The paste showed a typical shear
thinning behavior. The viscosity of the paste at a shear rate of
2500 s™! was 221 mPa s, much higher than that of typical silver
inks (<40 mPa s). Note that polymers or polymer composites
for inkjet printing must be diluted to meet the viscosity require-
ment (64). The shear thinning behavior of the paste is related
to the trade-off between breakdown due to flow stresses and
build-up due to in-flow collision and Brownian motion
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(65, 66). When no shear force is exerted on the paste, the
particles aggregate because of attraction forces such as van der
Waals force. Aggregation caused by these forces can promote
the formation of spatial networks, which creates an internal
structure. The internal structure is important to provide long-
term dispersion stability (63). Under shear, the weak forces
within the paste are broken and the paste is dispensed easily.
To gain insights into the structure and measure the vis-
coelasticity of the paste, oscillatory stress sweep of the paste
was performed, as shown in Figure 10 (inset). Storage
modulus (G”) and loss modulus (G”) measured in the oscil-
latory test represent solid and liquid characteristics of the
paste. At low shear stresses the pastes show a dominant
solidlike behavior (G" > G”) and as the applied stress in-
creases, the paste gradually changes from solidlike (elastic)
behavior to liquidlike (viscous) behavior. The point at which
G’ = G” is a solid—fluid transition and an indicator for
assessing the cohesiveness of the paste (67). We have found
that if the applied shear stress at the point where G" = G”
was too low, splashing occurred during the printing. In the
present study, the applied stress was 4.37 Pa when G” =
G”, which was optimal for the noncontact printing.

Figure 11 shows the noncontact printing of the paste on the
surfaces of glass (Figure 11A) and an silver-plating lead frame
(Figure 11B—D). Depending on the interaction between the
paste and substrates, the paste can either totally wet the
glass surface with a radius of about 220 um and a height of
about 14.5 um, or form a dot with a radius of 130 um and
a height of 49 um on the silver-plating lead frame under
optimized conditions. Following cure, because of the shrink-
age of epoxy resins, the printed dots have a radius of 120 um
and a height of 28 um. Generally, the Weber number (We),
defined as the ratio of kinetic energy to the surface energy of a
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FIGURE 11. Noncontact printing of the paste with 80 wt % Ag fillers on (A) a glass slide (side view, optical microscopy) with a radius of about 220 um, (B)
on an Ag-plating lead frame with a radius of 130 um (side view, optical microscopy), (C) on an Ag-plated lead frame with a dot size (top view, microscopy)
before curing, and (D) on an Ag-plated lead frame with a dot size (top view, SEM) after curing.

droplet (eq 2), provides a good estimate whether the droplet
has sufficient kinetic energy to overcome the surface tension
at the orifice and to create a free flying droplet (68). There
is a critical Weber number below which a free flying droplet
cannot be created. For inviscid liquids, the critical Weber
number is about 12 (eq 3); for printed materials whose
viscosities are not negligible, the critical Weber number can
be much larger than 12 and is related to the viscosity through
the Ohnesorge number (Oh) (eq 4 and 5).

pDv2

We = )
o
Wecritical =12 (77 = 0) )
We e = 12 X (1 +1.0700") g >0) &)
—_"
oh=— (5)
\/pDo

Where p is the density, v is the velocity, D is the drop diameter
before impact, o is the surface tension, and # is the dynamic
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viscosity. Increasing the viscosity of the printed materials leads to
an increase in Ohnesorge number and a dramatic increase in the
critical Weber number, making the creation of small droplets from
viscous materials very difficult (68). To the best of our knowledge,
this is the first successful attempt to print highly viscous adhesive
pastes into dot arrays with such a small size on the substrate in
the open literature. The noncontact printing of the highly viscous
adhesive opens up new avenues for low-cost printed electronics.
Increased understanding of the correlation between the rheologi-
cal properties and the noncontact printing process is needed to
optimize material and printing parameters to obtain ultrahigh
resolution noncontact printing technologies for low cost intercon-
nects of the future.

4. CONCLUSIONS
We have demonstrated the fast preparation of printable highly

conductive polymer nanocomposites using thermal decomposi-
tion of silver carboxylate on the surface of silver flakes and sinter-
ing between conductive fillers during the adhesive curing process.
The sintering between conductive fillers effectively reduces or
even eliminates the contact resistance, leading to polymer nano-
composites with the electrical resistivities of 8.1 x 1075, 6.0 x
107, and 6.3 x 107> Q cm when prepared at 230 °C for 5 min,
at 260 °C for 10 min, and using a typical lead-free solder reflow
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process, respectively. By optimizing the rheological properties, we
have demonstrated that the highly viscous adhesive pastes can
be noncontact printed into a microarray of dots with a radius of
130 um. The polymer nanocomposites with superior electrical
conductivity and fast processing along with noncontact printing
technologies will considerably reduce the cost of interconnection
in printed electronics, enabling their wide scale industrial applica-

tion.
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