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etallic particles are considered

hard materials, which are charac-

terized by a high melting point
(around 1000 °C) and large Young's modu-
lus (~100 GPa). Therefore, coalescence and
sintering of metallic particles are known to
take place only under high pressure and
high temperature' 3 (for example, various
metallic components are formed by sinter-
ing metal powders under pressure and high
temperature).

Fabrication of electric circuits on heat-
sensitive substrates such as paper, plastic
packages, and polymeric substrates has at-
tracted significant interest as a pathway to
achieve flexible and low-cost electronic
devices.*" ¢ Inkjet is a nonimpact printing
technology that can be utilized for direct
printing of conductive patterns,” overcom-
ing disadvantages of other printing methods
such as lithography?® and screen printing.’

The inkjet inks used for the fabrication
of conductive patterns are aqueous or or-
ganic solvent dispersions of silver NPs that
are stabilized by surfactants and
polymers.”1%1" After printing and drying of
the liquid, the resulting pattern is com-
posed of conducting metallic NPs capped
with organic stabilizers that act as an insula-
tor. Due to the presence of this organic ma-
terial between the particles, the number of
percolation paths is limited, and the resistiv-
ity of the printed pattern is too high to be
of practical importance. This obstacle is con-
ventionally overcome by a sintering pro-
cess, which is achieved by heating the
printed substrates to temperatures usually
higher than 200 °C in an oven'?"'* or by ap-
plying microwave'® or laser'”'® radiation.
The sintering at 200 °C, which is much be-
low the melting point of silver (960 °C), is
usually attributed to the reduced melting
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ABSTRACT A new approach to achieve coalescence and sintering of metallic nanoparticles at room

temperature is presented. It was discovered that silver nanoparticles behave as soft particles when they come

into contact with oppositely charged polyelectrolytes and undergo a spontaneous coalescence process, even

without heating. Utilizing this finding in printing conductive patterns, which are composed of silver nanoparticles,

enables achieving high conductivities even at room temperature. Due to the sintering of nanoparticles at room

temperature, the formation of conductive patterns on plastic substrates and even on paper is made possible. The

resulting high conductivity, 20% of that for bulk silver, enabled fabrication of various devices as demonstrated by

inkjet printing of a plastic electroluminescent device.
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point of NPs compared to that of bulk metal
and to the surface premelting.'2' How-
ever, due to the sensitivity of most plastic
substrates to high temperatures, such treat-
ments are usually not suitable for these sub-
strates, and therefore, fabrication of plastic
flexible electronic devices is limited to a
small number of heat-resistant polymers
such as polyimide.

Here we report on a new approach to
achieve sintering of metallic NPs at room
temperature by a spontaneous three-
dimensional (3D) coalescence process that
takes place on solid substrates. The ap-
proach is based on triggering close pack-
ing of the NPs after being placed on a solid
substrate, which eventually leads to their
coalescence. The result is a sintered pattern
that possesses high electrical conductivity.
In the first part of this paper, we discuss the
mechanism of the spontaneous 3D coales-
cence of silver NPs that are stabilized by
poly(acrylic acid) (PAA), triggered by a cat-
ionic polymer, poly(diallyldimethylammo-
nium chloride) (PDAC). In the second part,
we show that this process enables achiev-
ing high electrical conductivity at room
temperature and demonstrate how it can
be utilized in an electroluminescence
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Figure 1. (a) Zeta-potential of silver NPs in aqueous dispersions and a schematic illustration of two states of silver NPs at various PDAC/Ag
ratios; (b) particle size at various {-potential values. The silver NP concentration was set to 0.013 wt %, while the PDAC concentration var-
ied from 0 to 0.1 wt %.

(EL) device on a poly(ethylene terephthalate) (PET)
film.

RESULTS AND DISCUSSION

Coalescence of Metallic NPs at Room Temperature. At the
first stage, we evaluated the ability of PDAC, a posi-
tively charged polymer, to cause aggregation in a dis-
persion of negatively charged silver NPs (5—80 nm in
diameter, average diameter = 11.1 nm, 0.013 wt %
metal content) that are stabilized by poly(acrylic acid)
sodium salt (PAA). A series of PDAC solutions (0—0.1 wt
%) were added to silver NP dispersions, and the zeta ({)-
potential and average particle size were measured.
The (-potential and average particle size of the disper-
sions (according to dynamic light scattering (DLS) mea-
surements, Supporting Information Figure 4) as a func-
tion of PDAC concentration are presented in Figure 1. It
can be seen that the {-potential of the original NPs is
—47 £ 3 mV, and its negative value decreases with an
increase in the PDAC concentration. At a PDAC/Ag
(w/w) ratio of 0.12, the {-potential reaches a zero value,
and precipitation of aggregated NPs occurs (average
size ~700 nm, according to DLS). Characterization of
the precipitated particles by HR-SEM (presented in the
Supporting Information, Figure 1) clearly shows aggre-
gates of the individual 10 nm silver NPs; that is, the ag-
gregation was not followed by coalescence. As could be
expected, higher PDAC/Ag ratio leads to positively
charged silver nanoparticles. Schematic illustrations of
the NPs before, at, and after the point of zero charge are
also presented in Figure 1. As follows from the above
data, at concentrations around the point of zero charge,
PDAC acts as a coagulant for the metallic NPs by the
charge neutralization mechanism.

At the next step, a similar experiment was per-
formed but while the particles are present on a solid
substrate. First, a film of concentrated (30 wt %) silver
NP dispersion (wet thickness of 6 um, by draw down)
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was formed. After drying for 2 min at room tempera-
ture, an array of silver NPs with a thickness of about 0.5
pwm was obtained. Then, a solution of polycations
(PDAC, 1 wt %) was placed as droplets by inkjet print-
ing on top of the silver array. Surprisingly, it was found
that, within the zone of the printed droplets of the poly-
cation, spontaneous sintering of all the silver NPs oc-
curred without any heating. The difference between the
sintered NPs within the polycation printed zone (Fig-
ure 2¢) and the nonsintered NPs outside this zone (Fig-
ure 2a) is remarkable. As will be shown later, such coa-
lescence leads to a significant increase in conductivity
of the printed pattern.

In order to quantify the role of the polycation in
the sintering process, drops of PDAC solutions at vari-
ous concentrations were deposited on the top of a layer
of silver NPs. HR-SEM images and the corresponding sil-
ver particle size distributions after coming into contact
with drops having various concentrations of PDAC are
presented in Figure 3. The size distribution was evalu-
ated by image analysis; for nonspherical particles, the
long axis of the particle was taken for the analysis. As
shown, at a PDAC/Ag weight ratio lower than 0.01, the
polycation does not affect the size and morphology of
the particles (the size is similar to that found for the dis-
persion prior to coating it on the substrate). At higher
PDAC/Ag weight ratios, the particle size increases as the
PDAC concentration increases, and multiple percola-
tion paths between particles are clearly observed. At
PDAC/Ag weight ratio of 0.05, the average particle size
increased significantly (larger than 120 nm), and at a ra-
tio of 0.2, most of the particles are sintered, thus a con-
tinuous network of large particles is formed (it was im-
possible to perform size analysis of particles for this
ratio). A cross-sectional SEM image of the sample at
the PDAC/Ag ratio of 0.2 (Supporting Information,
Figure 2) confirms that the coalescence process occurs
throughout the whole thickness of the layer (~0.5 pm)
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Figure 2. Top: Schematic illustration showing what happens when a droplet of PDAC solution is printed on silver NPs array. Bot-
tom: SEM image of a printed drop zone (b) and the magnified images of NP arrays after the contact with PDAC outside (a) and in-
side (c) the droplet zone.

and not only on the surface; that is, the coalescence
process takes place in three dimensions (it should be
noted that the same morphology and structure were
observed at higher PDAC/Ag weight ratios; results not
shown).

As follows from the data presented in Figure 1, at
PDAC concentrations around the point of zero charge,
PDAC acts in the liquid dispersion as a coagulant for the
silver NPs by a charge neutralization mechanism. There-
fore, one could expect the same phenomenon will

No PDAC 0.006 0.01
Nl - .

take place while adding the PDAC solution to NPs,
which are deposited on a substrate; namely, the coagu-
lation will take place only at the PDAC/Ag ratio at which
charge neutralization occurs. However, the data pre-
sented in Figure 3 suggest that (a) the effect of PDAC
on NPs that are predeposited onto a substrate is ob-
served at a much lower PDAC/Ag ratio than in the lig-
uid dispersion (0.01 and 0.1, respectively); (b) this effect
is irreversible (i.e., deaggregation was not observed),
even at PDAC/Ag = 1; and (c) coalescence of the NPs
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Figure 3. HR-SEM images and particle size distributions for printed patterns formed by silver NPs post-treated with PDAC at various

PDAC/Ag ratios (the same magnification for all images).
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Figure 4. Macroscopic image of a pattern printed on Epson photo paper (a),
HR-SEM images of the surface (b), and cross section (c) of the same pattern.

occurs while they are present on a solid substrate, while
it does not happen in the liquid dispersion.

The difference in the observed effects of PDAC in a
liquid dispersion and on a solid substrate may result
from the restricted mobility of the particles on the sub-
strate once they are closely packed. Upon coagulation,
since the particles are already closely packed, contact
between the metallic particles’ surfaces may be formed,
which leads to their coalescence. It should be noted
that a possible mechanism that may also be involved
is the desorption of the PAA from the NPs’ surface due
to electrostatic interaction with the PDAC,?? leaving par-
ticles without their stabilizer and enabling their coales-
cence. Until now, such a coalescence of metallic nano-
particles was observed only under electron beam
during HR-TEM characterization of individual
NPs.2023728 We showed that when two NPs are allowed
to come close enough on a TEM grid the close contact is
sufficient to trigger their coalescence.?®

The sintering process that takes place at room tem-
perature was also observed if the process was con-
ducted vice versa; that is, drops of the silver dispersion
were printed on top of a substrate that was precoated
with a polycation solution. It was found that the result-
ing printed patterns of silver NPs on precoated glass
and PET substrates were composed of sintered NPs (as
clearly seen in the SEM images, Supporting Information
Figure 3). Therefore, it can be concluded that the sinter-
ing at room temperature is not dependent on the
chemical nature of the solid substrate.

Conductive Patterns and Application in Plastic Electronics.
The applicability of this sintering process at room tem-
perature for obtaining conductive patterns was evalu-
ated on low-cost flexible paper and plastic substrates.
The experiments were conducted by inkjet printing of
silver NP dispersions on top of substrates containing a
polycation. The substrates that were evaluated were (a)
copier paper, (b) photo paper (Epson), and (c) a plastic
(PET) EL device. The top layers of copier paper and the
EL device were precoated by the polycation solution
prior to printing the silver pattern. For the Epson photo
paper, the precoating was not required because it al-
ready contains PDAC-like molecules (according to en-
ergy dispersive spectrometry (EDS) analysis, and in
agreement with an Epson patent®). In general, it was
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found that the particles within the patterns printed

on the two types of papers were spontaneously sin-

tered. In Figure 4, you can see the pattern printed
on the photo paper (panel a), the SEM images of
the sintered surface layer (panel b), and its cross-

sectional area (panel c).

On the basis of these findings, it could be ex-
pected that the printed patterns composed of sin-
tered NPs would be electrically conductive. Indeed,
it was found that the printed patterns were conduc-
tive, having a sheet resistance and resistivity of 0.05
(*0.005) )/square and 6.8 (£0.5) pwlcm when

printed on the Epson photo paper, and 0.68 (+0.07)
Q/square and 70 (=0.7) wQlcm when printed on the
copier paper, respectively (these resistivities do not
change for at least 6 months). It should also be empha-
sized that such low resistivities, only 5 times greater
than the resistivity of bulk silver (in the case of the
photo paper), have been reported until now only for sil-
ver patterns, which were sintered at elevated
temperatures'?'> for a prolonged time or post-treated
by plasma®! or high voltage,3? while in the present
study, it was achieved spontaneously at room tempera-
ture. It should be noted that in our system, although
the sintering takes place in three dimensions, it leaves
many voids between the sintered zones. This may indi-
cate that the sintering stops at a certain range of par-
ticle” size. This hypothesis will be investigated in the fu-
ture research.

The ability to decrease the resistivity of printed sil-
ver NPs was recently reported by Zapka et al.3® They ob-
tained the decrease of resistivity by contacting the
printed pattern with 0.01 to 0.27 M NaCl solutions (by
stamping), followed by heating to 95 °C. Low resistivi-
ties were obtained only at the highest NaCl concentra-
tion, which was a saturated solution. Although the
mechanism of the sintering was not discussed, it is
most likely that in that case the screening of surface
charges due to increased ionic strength3*3> has a signifi-
cant role. In our case, the most probable mechanism in-
volves the charge neutralization of the NPs or desorp-
tion of the stabilizer, which occurs at room temperature.
Another possibility for sintering of NPs was recently re-
ported by Wakuda et al.,* in which the printed pattern
is dipped into a solvent, which probably leads to de-
sorption of the particles stabilizer, dodecylamine. How-
ever, by that approach, very high resistivities were
obtained.

In order to evaluate the applicability of this sinter-
ing technique for plastic electronics, a flexible, transpar-
ent PET-based EL device was constructed in two steps:
(i) a four-layer (PET:ITO:ZnS:BaTiOs) electrolumines-
cence device (MOBIChem Scientific Engineering)®” was
coated by PDAC on the top of the BaTiOs layer and
dried at room temperature; (i) a silver dispersion was
inkjet printed directly on the top of the PDAC layer
(schematically illustrated in Figure 5). As seen in Figure
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5, voltage (100 V) applied be-
tween the ITO and the silver
electrodes resulted in light
emission (90 cd/sqm) corre-
sponding to the silver printed
pattern. Thus, it can be con-
cluded that, while the silver
NPs are printed on top of the
polycation coated substrate,
the particles are sintered
spontaneously and form an
electrode.

In summary, a process for
the coalescence of metallic
NPs without heating was
demonstrated. This process is
triggered by modification of
the surface properties of the
NPs, by charge neutralization,
and probably desorption of
the stabilizer. At this stage, attempts to verify this hy-
pothesis by performing surface analysis were not suc-
cessful. The behavior of the metallic NPs as “soft par-
ticles” eventually resulted in sintering of the particles,
without the required conventional heating process. As
demonstrated for several solid substrates, porous and
nonporous, the contact of the polycations with the op-
positely charged NPs led to formation of a continuous
3D network, which enables electrical conductivity of the
whole structure. On the basis of these findings, the sin-
tering can be achieved either by placing a dispersion
of metal NPs on a substrate precoated with the polyca-
tion, or vice versa, enabling conductive patterns on vari-

EXPERIMENTAL SECTION

Silver NP Synthesis: Silver NPs with an average particle size of
10 nm were synthesized according to the following procedure:
4.5 g of silver acetate (Weiland) and 2.9 g of 20 wt % poly(acrylic
acid) sodium salt (MW 8000, Aldrich) were mixed and heated to
95 °C for 15 min in 28 mL of triple distilled water (TDW). Then,
3.4 g of 30 wt % ascorbic acid was added, and the mixture was
stirred for 30 min while heating. The obtained nanoparticles
were washed by centrifugation, and the obtained sediment was
redispersed in TDW. Then, the pH of the dispersion was adjusted
to 9.5 by the addition of aminomethyl propanol (Acros); the sil-
ver concentration was set to 30 wt %, and the dispersion was
sonicated for 10 min. The particle size distribution was measured
by dynamic light scattering (DLS), and the results are presented
in the Supporting Information (Figure 4). The dispersion was
stable for at least 6 months at room temperature. This concen-
trated silver dispersion was used for the evaluation of the PDAC
(MW = 450K) effect on the silver NPs on a substrate (Figures
2-5). In this experiment, a precise volume of PDAC solution (at
various concentrations) was deposited on a silver pattern with a
precise surface (so that the PDAC/Ag ratio can be calculated).

For the evaluation of the PDAC (MW = 450K) effect on the sil-
ver NPs in dispersion (Figure 1), the concentrated dispersion was
diluted and the silver concentration was set to 0.013 wt %. The
PDAC concentration in that experiment was in the range of 0 to
0.1 wt %.

Figure 5. Top: Schematic illustration of the EL device and the printing process. Bottom: Electrolumi-
nescence working device.

ous temperature-sensitive substrates to be obtained.
The use of this sintering process combined with inkjet
printing to obtain highly conductive patterns was dem-
onstrated on several substrates, including a plastic elec-
troluminescent device. We expect that, by using this
technology, the printing of conductive patterns on
temperature-sensitive substrates would open new pos-
sibilities for applications in flexible and plastic electron-
ics, including optoelectronic devices such as solar cells.
The process can be conducted with coagulants other
than polyelectrolytes and may be applied to other met-
als and other types of nanoparticles, such as quantum
dots.

Characterization Methods: HR-SEM images were obtained with
Sirion (FEI) scanning electron microscope. Evaluation of the par-
ticle size by dynamic light scattering (DLS) and {-potential analy-
ses were performed using a Zetasizer nano-SZ (Malvern Instru-
ments).

PDAC Treatment: The pretreatment of substrates (glass, PET,
and paper) by PDAC was carried out by a draw down method,
with a 6 um wet thickness of 0.1 wt % PDAC solution. In the case
of the electroluminescence device, a wetting agent (0.1 wt %
BYK 348) was added to the PDAC solution in order to obtain a ho-
mogeneous layer. The post-treatment of silver patterns by PDAC
was carried out by depositing 50 L of PDAC solution (0.001 to
20 wt %) on top of the 26 X 76 mm silver patterns.

Inkjet Printing: The PDAC solution (Figure 2) was printed with
the use of a JetDrive Ill controller (MicroFab) with a 60 um ori-
fice print head. The silver ink was printed with a commercial Lex-
mark Z615 office printer.

Resistivity Measurements: The resistivity of printed patterns was
calculated by measuring the printed line resistance by a mil-
liohm meter (EXTECH) and measuring the thickness profile by
HR-SEM. The sheet resistances were measured by a four point
probe (Cascade Microtech Inc.).
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