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ABSTRACT: A silver molecular ink platform formulated for
screen, inkjet, and aerosol jet printing is presented. A simple
formulation comprising silver neodecanoate, ethyl cellulose,
and solvent provides improved performance versus that of
established inks, yet with improved economics. Thin, screen-
printed traces with exceptional electrical (<10 mΩ/□/mil or
12 μΩ·cm) and mechanical properties are achieved following
thermal or photonic sintering, the latter having never been
demonstrated for silver-salt-based inks. Low surface roughness, submicron thicknesses, and line widths as narrow as 41 μm
outperform commercial ink benchmarks based on flakes or nanoparticles. These traces are mechanically robust to flexing and
creasing (less than 10% change in resistance) and bind strongly to epoxy-based adhesives. Thin traces are remarkably conformal,
enabling fully printed metal−insulator−metal band-pass filters. The versatility of the molecular ink platform enables an aerosol
jet-compatible ink that yields conductive features on glass with 2× bulk resistivity and strong adhesion to various plastic
substrates. An inkjet formulation is also used to print top source/drain contacts and demonstrate printed high-mobility thin film
transistors (TFTs) based on semiconducting single-walled carbon nanotubes. TFTs with mobility values of ∼25 cm2 V−1 s−1 and
current on/off ratios >104 were obtained, performance similar to that of evaporated metal contacts in analogous devices.

KEYWORDS: Printed flexible electronics, additive manufacturing, conductive molecular inks, metal organic decomposition (MOD),
photosintering

1. INTRODUCTION

Printable electronics, an additive manufacturing technology,1

combines electronic materials with conventional printing
processes to enable large-area, flexible, and/or low-cost
manufacturing of membrane switches,2 thin film transistors
(TFTs),3 and sensors4 as well as photovoltaics,5 antennas,5 and
organic light-emitting diode (OLED)-based displays.4 Con-
ductive inks make up one of the largest markets in printed
electronics as they enable the fabrication of key elements such
as electrodes, antennas, and bus bars for current collectors
using gravure,3,6 aerosol jet,7 inkjet,3,4,8 or screen printing.8−12

Each of these printing techniques has its attributes, but the
screen printing of silver flake inks is the most mature
technology and remains the most widely utilized technique
currently used in the manufacture of conductive elements.12,13

These flake-based inks can produce traces with good electrical
properties (sheet resistivity values of 10−15 mΩ/□/mil and
volume resistivity values of 18−25 μΩ·cm) and typically have
thicknesses of ∼4−15 μm, which is required to attain reliable
mechanical properties and maximize electrical conductivity.12,13

The printed electronics industry is driven, in part, by a desire to

exploit additive manufacturing to reduce cost, and simply
decreasing the silver content and the resulting trace thickness is
an obvious means of achieving that goal. However, there are
practical limitations in achieving high conductivity and
mechanical robustness with flake-based inks because the traces
require overlap of multiple layers of silver flakes and minimum
thicknesses of ∼4 μm.14 Screen-printable nanoparticle-based
inks have been shown to produce similar resistivity values (∼15
mΩ/□/mil or 15−30 μΩ·cm).9,15 However, the synthesis and
purification of even moderately monodisperse nanoparticles
increases the cost of the ink 3−4 fold in comparison to that of
flake inks and optimizing nanoparticle inks for screen printing is
also a challenge given that colloidal stability can be easily lost
when using viscosity modifiers to optimize printability.
Furthermore, it has been reported that screen-printed traces
produced from silver-nanoparticle-based inks typically have
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poor mechanical performance,16,17 arising, in part, from weak
grain boundaries between stacked layers of nanoparticles.18

As printed electronics evolves, there is also increasing interest
in using screen printing to produce features with a higher
resolution and pitch to enable production-scale manufacturing
of more complex devices such as transistors,9 frequency-
selective surfaces,19 and low-band-pass filters.20 Although it is
possible to produce fine lines (<100 μm width) on rigid
substrates via screen printing,21,22 it remains a challenge to
reliably screen print features with line widths <100 μm on
plastic substrates in production using traditional screen printing
processes without taking extraneous measures such as the use
of coated specialty substrates23 or carrying out surface
chemistry on the screen mesh.24 This limits the implementation
of higher-density flex circuits and the use of additive processes
in printed wiring board (PWB) fabrication as a means of
replacing lithography and subtractive processes.1 Because of
these limitations, there remains a need to develop a screen-
printable ink that can produce thin, fine line traces (<100 μm
width) while remaining mechanically robust to bending and
creasing using conventional methods.
Herein, we present the development of a new class of screen-

printable inks that make use of metal carboxylate salts as the
silver metal precursor combined with a polymer binder to
enable excellent screen printability, resolution, and mechanical
properties of the conductive traces. In addition, the silver
molecular ink serves as a platform that can be easily tailored
toward inkjet and aerosol jet printing to make low-resistivity
traces (2× bulk) and TFT electrodes. Such a platform is not
feasible with flake-based inks because of particle size limitations,
leaving only relatively expensive nanoparticle inks as an
alternative.4

The use of metal precursor salts to fabricate conductive metal
traces was first explored by Dearden and co-workers over a
decade ago.25 More recently, molecular inks composed of silver
salts26−31 and copper salts32−45 have been formulated for inkjet
printing and used to produce thin conductive features. Within
the scope of these reports, two themes emerge. First, where
silver molecular precursors are inkjet-printed, thermal decom-
position of the printed inks yield thin silver traces with
resistivity values of ∼1.2−3.8 mΩ/□/mil (3−10 μΩ·

cm).25−28,30,31 However, the traces/features produced from
these silver molecular precursors are often nonuniform, rippled,
rough, suffer from coffee stain effects as they dry,25−28 and have
poor adhesion properties. The second theme that emerges is
the effectiveness of utilizing photonic sintering to render a
printed trace conductive. Photonic sintering can convert inkjet-
printed copper molecular inks into conductive copper traces
under ambient conditions,32,42,43,45 but thus far, there are no
reports describing the photonic sintering of silver carboxylate-
based inks. However, there are a series of reports suggesting
that silver carboxylate molecular precursors can be thermally
sintered at lower temperatures under UV light irradiation.26,27

We find that silver molecular ink can be effectively photo-
sintered, similar to copper carboxylates.46 The ability to
photonically sinter the silver molecular ink is incredibly
valuable from a manufacturing perspective because it enables
roll-to-roll methods, where they may be sintered in seconds.
Here, we demonstrate that a silver neodecanoate-based

molecular ink can be formulated, screen-printed, and processed
via either thermal or photonic sintering to produce traces with
sheet resistivity values as low as 3.3 mΩ/□/mil (8.4 μΩ·cm).
The resulting traces are <1 μm thick but remain mechanically

robust, where the traces can be flexed and creased without
significant change in the resistance (i.e., the change in resistance
is less than 10%). This is not achievable with currently used
silver flake- and nanoparticle-based inks because decreasing the
thickness of the traces significantly decreases the conductivity.
In addition, the mechanical properties of thin traces produced
from flake inks are generally poor, and the traces flake apart
when they are <100 μm in width. Despite their <1 μm
thickness, the sheet resistivity and current carrying capacity
(CCC) of the silver molecular ink-derived traces are superior to
those of commercially available flake and nanoparticle inks,
which are at least 5−10 times thicker. The ink can also produce
very smooth traces when thermally sintered with mirror-like
finishes (surface roughness <40 nm) and line widths as narrow
as ∼41 μm. In addition, the cost of these molecular inks is
similar to that for starting materials used to prepare
nanoparticles, without the additional expense of preparing
and purifying nanoparticles or the challenges of stabilizing a
nanoparticle dispersion when formulating an ink. Photonic
sintering is highly effective at producing conductive traces with
excellent electrical and mechanical properties, albeit conductive
trace morphology differs substantially from that of the
thermally sintered traces. In addition, the ability to formulate
the molecular inks for use in inkjet and aerosol jet applications
is demonstrated. Together, the chemistry developed within this
investigation addresses the immediate commercial limitations
faced by fabrication processes using screen printing and enables
excellent performance using digital processes to meet future
needs that are not be addressable by screen printing.

2. RESULTS AND DISCUSSION

2.1. Ink Formulation and Screen Printing. Simple
solutions of silver molecular precursors without binders/
rheology modifiers have been shown to produce conductive
metallic films via inkjet printing,25−27 yet the morphology of
the traces is typically nonuniform (coffee stain and ripple
effects)26−28 and the inks are incompatible with screen printing
because viscosity is <15 cP. The addition of ethyl cellulose to
the formulation both increases the viscosity of the ink (modifies
rheology) and improves the mechanical properties of the
sintered traces by acting as both an adhesive and binder. A
recent report also describes the use of silver neodecanoate/
cellulose blends to carry out direct writing applications on glass,
although there were no studies on flexible substrates.47 Screen-
printable inks typically have viscosities in the range of 5000−50
000 cP and should shear-thin under stress.14 This allows the ink
to easily flow through the screen and reach the substrate.14

However, it is also important that the viscosity of the ink
recovers quickly when the shear stress is removed to enable the
reliable production of sharp and uniform features with
dimensions matching closely those of the pattern in the
screen.14 As shown in Figure 1, the viscosity of the ink
decreases from 5925 to 4470 cP as the shear rate increases from
20 to 100 s−1, which corresponds to a shear stress increase from
1185 to 4470 Pa. As the shear rate returns to 20 s−1, the shear
stress decreases to 1190 Pa with a corresponding viscosity of
5950 cP. The viscosity recovery of the ink is fast, as highlighted
by the blue trace showing that as the shear rate decreases, the
viscosity increases with negligible hysteresis, ideal for a screen-
printable ink.
Although the formulation of the silver salt with ethyl

cellulose and solvent allowed the ink to be effectively screen-
printed, we also noted that the thermal decomposition
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temperature of silver neodecanoate decreased. As reported by
Shin and co-workers, thermogravimetric analysis (TGA) of
silver neodecanoate (and its isomeric constituents) shows a
peak in the differential thermographic curve ranging from 238
to 252 °C.48,49 In contrast, the formulated ink presented here
containing a mixture of silver neodecanoate, solvent, and ethyl
cellulose has a differential thermographic peak (DTP) shifted to
188 °C (see Figure S1 in the Supporting Information). This
suggests that the decomposition temperature of silver neo-
decanoate decreases by at least 50 °C when it is formulated into
an ink with ethyl cellulose binder and solvent components. The
optimum conditions for the thermal sintering of the screen-
printed traces were determined by increasing the temperature
of a batch reflow oven by 10 °C increments to investigate how
substrate temperatures ranging from 160 to 230 °C affect the
electrical properties of the traces. In agreement with the TGA/
DTP analysis presented above, when the sintering temperature
is below ∼160 °C, the sheet resistivity of the traces is much
higher than 20 mΩ/□/mil (60 μΩ·cm), whereas temperatures
higher than 180 °C produce traces with sheet resistivity values
<10 mΩ/□/mil (12 μΩ·cm) (see Figures S2 and S3). We also
noted that sintering with oven temperatures between 180 and
200 °C for longer periods of time (30−60 min) increases the
yield of conductive narrow lines in comparison to sintering at
higher temperatures for shorter times. This is likely due to the
oxidative damage/decomposition subjected to ethyl cellulose at
temperatures above 190 °C,50 although charring/aromatization
of the ethyl cellulose in the traces is unlikely because it requires
temperatures greater than 250 °C51,52 and we do not exceed
230 °C in this investigation. Conditions for photonic sintering
of the traces were also optimized. Forty pulses of light delivered
with driving voltages ranging from 2.4 to 3.2 kV (energy
density of 0.53−1.03 J/cm2 per pulse) were used to
photonically sinter dry traces. As highlighted in Figures S4
and S5, a driving voltage of ∼2.75 kV (energy density of ∼0.80
J/cm2 per pulse) provides optimum electrical properties.
2.2. Printed Trace Characterization. Following optimi-

zation of the thermal and photonic sintering processes, the
dimensional properties of the traces derived from the molecular
ink were assessed using the test patterns presented in Figure 2.
This test pattern was printed and processed by means of
thermal and photonic sintering. The test pattern includes dots,
concentric circles, and bent and straight traces with printed
features ranging from ∼100 to 550 μm wide.

We initially focused on how the line width and thickness of
the screen-printed traces are affected by thermal or photonic
sintering. The line widths and thicknesses of the 10 cm long
traces produced from thermal and photonic sintering were
measured using optical profilometry, and the data for the
narrowest, midrange, and widest traces produced are presented
in Table 1. The data for all line widths is included in Table S1.
Note that the data recorded in Table 1 is produced from the
traces printed with the same screen mesh, emulsion thickness,
and ink. As such, we can assume that the same volume of ink is
deposited; thus, any difference in the measured line width and
thickness is due to morphological changes in the traces derived
from the method by which it was sintered. As highlighted in
Table 1, the traces produced from photonic sintering are, on
average, ∼2.3 times thicker than those produced from thermal
sintering. Representative images obtained by three-dimensional
(3D) optical profilometry and scanning electron microscopy
(SEM) used to assess the morphology of the traces are
presented in Figures 3 and 4, respectively. These images are for
the traces with ∼200 μm line widths but are representative of
the morphology of all of the traces processed either by thermal
or photonic sintering. It is immediately clear from the
profilometry cross-sectional plots (Figure 3a) and images
(Figure 3b,c) that the traces processed with thermal and
photonic sintering differ significantly. Whereas the traces
produced from thermal sintering have uniform and smooth
surfaces, those processed photonically are much less uniform
with a blend of sparse areas and large topographical variation
with silver metal spikes protruding vertically throughout the
trace. To confirm that the topography measured with the
optical profilometer is consistent with the morphology of the
photonically and thermally sintered traces, we also acquired
cross-sectional SEM images of the traces (Figure 3d,e). These
images support the morphology described by optical
profilometry, where the cross-sectional views of the photoni-
cally sintered traces are porous and nonuniform and reach
several micrometers in height, whereas the thermally sintered

Figure 1. Rheological properties of the screen ink formulation, where
it is shown to shear-thin (viscosity decreases) when the shear rate (and
shear stress) is increased (blue trace). The original viscosity is
recovered when the shear stress is removed (red trace).

Figure 2. Photograph of screen-printed and thermally sintered test
patterns comprising dots, straight and bent lines, and concentric
circles.
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traces are more uniform, dense, and well under 1 μm in height.
The resulting surface roughness of the traces also highlights
these differences where the thermally sintered samples have
root-mean-square surface roughness (Rq) values of ∼40 nm, in
contrast to the photonically sintered traces, which have Rq

values of 1.17 μm. It should be noted that the Rq of the Kapton
substrate itself is ∼30 nm, so the traces are nearly as smooth as
the Kapton substrate they are printed upon when thermally
sintered. The traces produced from thermal sintering of the
molecular ink are significantly smoother than analogous traces
produced from a commercially available flake ink (Rq = 1.24

μm) (Figure S6). Note that the surface roughness measured for
these flake inks is consistent with the data presented in a recent
report by Happonen.53

To gain a better understanding of the morphological
differences in the traces produced from thermal and photonic
sintering, SEM was used to probe the microstructure of the
traces (Figure 4). Comparison of the traces at a magnification
of 250 K shows that the thermally sintered traces have a very
dense array of small-diameter (120−170 nm) “wires”
composed of necked silver nanoparticles overlapping in three
dimensions throughout the trace (Figure 4a). The dimensions

Table 1. Comparison of Dimensional and Electrical Data for Linear 10 cm Long Screen-Printed Silver Traces That Have Been
Thermally or Photonically Sintered on Kapton

sintering
method

nominal screen line
width (μm)

measured line
width (μm)

resistance
(Ω)

sheet resistance
(mΩ/□)

trace thickness
(μm)

sheet resistivity
(mΩ/□/mil) volume resistivity (μΩ·cm)

thermal 51 123 ± 6 264 ± 30 335 ± 50 0.36 ± 0.06 4.2 ± 0.5 10.7 ± 1.1

photonic 115 ± 2 277 ± 1 318 ± 15 0.74 ± 0.31 8.4 ± 3.4 21.0 ± 9.0

thermal 127 178 ± 3 107 ± 13 191 ± 23 0.50 ± 0.06 3.5 ± 0.2 8.8 ± 0.5

photonic 183 ± 2 142 ± 1 260 ± 5 0.86 ± 0.08 8.1 ± 0.7 20.0 ± 2.0

thermal 508 552 ± 6 34 ± 3 188 ± 17 0.53 ± 0.09 3.6 ± 0.4 9.1 ± 1.1

photonic 551 ± 2 55 ± 1 303 ± 7 0.86 ± 0.08 7.9 ± 0.7 20.0 ± 2.0

Figure 3. Cross-sectional analysis of screen-printed lines (a), where the thermally sintered lines are relatively smooth (red line) in comparison to the
photonically sintered traces (blue line). Representative surface profile images of screen-printed ∼200 μm wide traces after thermal (b, top right) and
photonic sintering (c, bottom right) as well as a cross-sectional SEM image of the traces processed via thermal (d) and photonic sintering (e).

Figure 4. SEM images of screen-printed traces that have been thermally (a) and photonically (b) sintered. Note that the thermally sintered traces are
dense, whereas the photonically sintered traces are porous.
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of the wire-like structures range from 120 to 170 nm in width
and are similar in morphology to thermally sintered inkjet-
printed molecular ink traces.29,30 In contrast, the traces
processed by photonic sintering have a spongelike, porous
morphology with the solid portions of the trace composed of
uniform and locally smooth “cables” of metallic silver with
diameters of 2−6 μm (Figure 4b). Interestingly, when the
traces are observed by SEM at the same magnification, the
presence of any nanoparticle-like structures is much less
obvious, if not absent, in the photonically sintered traces
(Figure 4b). This morphology is consistent with photosintered
traces produced from copper salts reported by Wang45 and
Araki.43

To rationalize the extreme differences in morphology for the
thermally and photonically sintered traces, one simply needs to
take into account the mass percentage of silver in the ink and
the rate at which the molecular ink is converted to a silver trace
during the sintering process. Although the silver neodecanoate
content in the ink is 50% by weight, a significant portion of the
ink is actually the organic neodecanoate counter ion and the
total silver metal content in the ink is 19% by weight. In a dried
but unsintered trace where the carrier solvent has been
evaporated, the silver content increases to ∼35% by weight and
the remainder is the organic ligand and polymer. These dried
traces can be as thick as 10 μm, as measured by optical
profilometry (Figure S7a,d). During the thermal sintering
process, there is a slow and controlled decomposition of the
silver precursor over 10−15 min. This provides the opportunity
for the gases produced during the decomposition of the silver
neodecanoate to evolve without disrupting the surface or
interior structure of the trace and produces sub-1 μm traces
(Figure S7b,d). In contrast, the same chemical process occurs
in a single pulse of the lamp during the photonic sintering
process that subjects the trace absorbing the pulsed light to
temperatures greater than 200−300 °C within ∼1.0 ms, which
is essentially a small-scale explosion where silver neodecanoate
is thermally decomposed to a silver metal concomitant with the
liberation of CO, CO2, and long-chain alkane gases49 from a
flash-melted ethyl cellulose matrix. A similar rationale is used by
Wang and co-workers to explain the porous trace structure

produced by the photonic sintering of copper-based molecular
inks.45 This produces nonuniform traces with silver spike
thicknesses of 4−10 μm (Figure S7c,d). Also note that the
cross-sectional analysis acquired with the optical profilometer is
consistent with the data acquired with a stylus-based
profilometer as well (Figure S8), suggesting that optical
profilometry can accurately measure the profile of nonuniform
reflective surfaces. Despite the difference in topography and
morphology, both means of processing can produce traces with
line widths of 108 μm separated by as little as 50 μm without
the use of specialty screens (Figure S9 and Table S2). These
conductive traces produced from the molecular ink are at least
10 times thinner than typical flake-based inks,12,13,53 which is
consistent with the 3−5 times lower silver loading compared to
that of silver flake inks (∼60−90%).
It is critical for these molecular silver inks to exhibit excellent

electrical properties if they are to be used in printed electronics
(PE) manufacturing; thus, it is of interest to determine how the
morphologies produced from the different processing methods
affect the resistance, sheet resistance, and resistivity of the
traces. As highlighted in Table 1, for the narrowest (∼120 μm),
midrange (∼180 μm), and widest (∼550 μm) traces produced
in this study, the resistances and sheet resistances measured
across the traces are lower for the thermally sintered traces.
Specifically, when the thicknesses of the traces are taken into
account, the average sheet resistivity value for the 115−560 μm
traces processed by photonic sintering is ∼8.5 mΩ/□/mil
(volume resistivity ∼20 μΩ·cm), whereas for the thermally
sintered traces, it is ∼3.5 mΩ/□/mil (volume resistivity ∼8.8
μΩ·cm). The ability to produce highly conductive traces from
these molecular inks should enable their incorporation into
both roll-to-roll-based printing schemes, where the traces can
be sintered via photonic methods, and sheet-to-sheet
manufacturing, where the traces can be sintered in a convection
oven. In both cases, traces with resistivities below 10 mΩ/
□/mil, a target for printed antennas,54 touch screens,54

heaters,54 sensors,54 and electronic components such as
inductors,12,31 are readily achieved. In particular, the ability to
produce mechanically robust (vide supra), sub-1 μm thick,
115−550 μm wide traces with sheet resistivity values below 4

Figure 5. Photographs of (a) the thermally sintered screen-printed traces containing the ethyl cellulose binder and (b) the thermally sintered screen-
printed traces containing no ethyl cellulose binder following crease testing using ASTM F1683-02. Note that in the absence of ethyl cellulose (b) the
traces readily delaminate from the surface.
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mΩ/□/mil (∼10 μΩ·cm) is a combination of properties that is
not currently feasible with commercial ink offerings.
Printing conductive inks onto plastic substrates inherently

requires that the resulting traces be able to flex and crease
without significantly decreasing the conductivity. Such
reliability is critical to the successful incorporation of
conductive traces into dynamic applications, but equally
important, it provides reassurance that the printed traces will
be robust enough for successful assembly into commercial
products. To test the mechanical robustness of the traces, a
series of 10 cm long traces were subjected to bend and crease
testing.55 Within the scope of this test, we characterize the
mechanical test as a pass if the resistance change measured
across a 10 cm long trace is less than 10% after the test is
performed (note that a 20% change in resistance was used as
the failure criteria in a recent investigation).53,56 The data for
the series of flex and crease tests is presented in Table S3. In
summary, all of the traces processed by photonic and thermal
sintering passed the flex and crease testing with significantly less
than 10% increase in resistance and the mechanical robustness
of these traces is comparable to, or outperforms, that of the best
commercially available flake inks that are typically 10 times
thicker. It is noteworthy that in the absence of ethyl cellulose,
50% by weight solutions of silver neodecanoate in aromatic
solvent can produce a viscous, screen-printable paste. Screen-
printing this paste can produce conductive 120−600 μm traces,
but the resulting traces immediately delaminate from the
Kapton substrate following flex and crease testing (Figure 5).
The resilience to flexing and creasing for the molecular ink

containing ethyl cellulose is due to the excellent adhesion of the
traces to Kapton. The adhesion of the thermally and
photonically sintered traces was tested using the cross-hatch
adhesion test57 and graded at 5B (best performance
measurable) for both processing methods. In contrast, scotch
tape readily peels the ethyl cellulose-free ink away from the
substrate even in the absence of the cross-hatch cut into the
trace. It should also be noted that the mechanical properties of
the narrowest traces processed by thermal sintering can be
affected by the temperature profile used to process the traces.
In the case where the traces are sintered at temperatures
exceeding 220−230 °C for extended periods of time (longer
than 15 min), the traces become more fragile and tend to fail
when subjected to crease testing. However, when the traces are
processed using lower temperatures (180−200 °C) for 15−20
min, the mechanical properties are excellent and there are no
failures following bend and crease testing. As described above,
this is possibly due to the oxidative damage/decomposition
subjected to ethyl cellulose at temperatures above 190 °C50 that
causes adhesion to degrade. A similar decrease in adhesion was
described by Kim and co-workers, where excessive heating of a
nanoparticle-based ink on a silicon substrate causes a decrease
in the amount of organic residue at the trace/substrate
interface, resulting in trace delamination.18 Together, this
data suggests that despite the difference in morphology for the
traces processed by photonic and thermal sintering, these thin
traces are mechanically robust and are largely unaffected by
flexing and creasing.
The CCC is important for heating and power supply

applications, making it another important indicator of electrical
performance and adhesion. This inspired us to elucidate how
the CCC is affected by the morphology of the traces. As
described in a standardized testing protocol, the CCC is
measured by placing two probes on the traces, initially at zero

current (I = 0), and the current is subsequently increased in 50
mA increments until the current drops by 10% or the circuit
mechanically fails; hence, it is also a measure of adhesion
between the trace and the substrate.58 The current at this point
is recorded as the CCC and is plotted for the 102−563 μm
lines in Figure 6. Typical failure modes when the CCC of a

circuit is exceeded include a change in conductor resistance,
insulation breakdown (short circuit), or conductor breakdown
(open circuit), all of which typically stem from resistive heating
of the trace.
The CCC measured for the thermally sintered traces ranges

from 28 to 521 mA and that for the photonically sintered traces
ranges from 45 to 173 mA for line widths of ∼102−563 μm.
The analysis of the CCC plot for the photonically sintered
traces indicates that there is a linear relationship between the
line width and current over the entire series. However, the
CCC for the thermally sintered traces is linear for only the line
widths of ∼180−563 μm. This suggests that, in relative terms,
the narrowest traces do not perform as well as the wider traces.
Because the failure mode in the analysis of CCC is typically
caused by resistive heating, it is likely that the narrowest traces
are not following the trend expected based on the wider traces
because the adhesion/mechanical properties of the traces are
degraded as the temperature is elevated during the experiment.
This mirrors the results described in the previous section,
where the mechanical properties of the narrowest thermally
processed traces are less robust following extended periods of
heating at temperatures exceeding 230 °C. It should also be
noted that although the sheet resistance of the traces is similar
the CCC of the thermally sintered traces is ∼3 times greater
than that of the photonically sintered traces. This mirrors the
difference in the resistivity values for the traces and indicates
that the porous nature of the photonically sintered traces
adversely affects the CCC. In perspective, the CCC for the
silver molecular ink-based traces (∼0.5 μm thick) is comparable
to that for the traces derived from silver flake inks at similar line
widths, although the flake-based traces are 12−16 μm thick
(Table S4).

2.3. Screen-Printed Devices and Applications. The
production of PE products requires more than simply printing
conductive traces. It is imperative that printed traces be
compatible with component assembly procedures currently
used in manufacturing. One important example is the ability to
bond functional components to the traces using conductive

Figure 6. Plot of the CCC in relation to the measured line width of
the screen-printed traces (thermally sintered, red; photonically
sintered, blue).
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epoxies. As such, light-emitting diodes (LEDs) were bound to
traces produced from the molecular ink with a conductive silver
epoxy (Figure 7). The adhesion strength of the LEDs to the

traces was measured using a shear force adhesion test.59 It
should be noted that this test measures the strength of the
bond between the trace and the epoxy, not between the trace
and the substrate, so during failure, the LED and epoxy are
pulled away from the trace, but the trace remains on the
Kapton substrate. As shown in Table S5, the minimum,
maximum, and average forces (in pounds) required to remove
the LEDs from the traces are higher for the epoxy bond to the
traces produced from the molecular ink than those for the
traces derived from a commercially available silver flake ink. We
also note that the surface roughness does not appear to affect
the strength of the bond between the trace and the epoxy,
where the force required to remove the LED from the trace is
nearly identical for the smooth thermally sintered traces and
the much rougher photonically sintered traces.
Producing higher pitch features to enable production-scale

manufacturing of more complex devices such as transistors,9

frequency-selective surfaces,60 and low-pass filters61 via high-
throughput printing is an active area of research and
development. Here, excellent control over the line width and
line spacing of the traces is essential. Figure 8 presents a variety
of features printed with the molecular ink, including linear
traces as narrow as 41 μm and meandering traces with line
widths of 68 μm. The ink also enables the printing of features
with line widths/spacings of 58/20 and 76/36 μm processed by
either photonic or thermal sintering, respectively. The ability to
produce such fine features using both thermal and photonic
sintering suggests that only the trace thickness, morphology,
and roughness are affected by the method of processing and
that the line widths are set during the printing/drying stages of
the process.
It is also important to note that screen-printed traces derived

from silver flake inks with similar dimensions do not pass bend
and crease testing, whereas molecular-ink-derived traces do
(vide supra). In addition, because the molecular ink is
composed of dissolved silver neodecanoate molecules, the
print resolution is not necessarily limited to 58/20 μm because
the molecules will not flocculate or aggregate over time, which
will enable the use of finer screen meshes, resulting in the
production of narrower trace widths. Aggregation/flocculation

has been noted as an issue limiting the use of very fine meshes
with both silver flake-based and nanoparticle-based screen-
printable inks.
Another interest for developers of PE technologies is the

fabrication of all-printed multilayer devices that are composed
of a dielectric layer sandwiched by two conductive metal layers.
Low-pass filters are widely used in telecommunications for a
variety of commercial and military applications to block
harmonics that potentially interfere with other communications
systems.61−63 Higher-order filters are used to achieve sharper
roll-off, but they generally require large circuit size and cause
high insertion loss. The drawback in implementing conven-
tional technologies is the limited value (for reasonable
footprint) of the proximity-coupled capacitor that prevents
the realization of steep roll-off in the frequency response near
the cutoff frequency. The circuit topology of an ideal π-type
third-order Chebyshev low-pass filter with 1 GHz cutoff
frequency is shown in Figure 9. The proposed coplanar
waveguide (CPW) semilumped low-pass filter consisting of
metal−insulator−metal (MIM) capacitors and a straight line
inductor is presented in Figure 9. To produce the filters, it is
necessary to incorporate three printed layers. The first layer is
composed of the silver molecular ink printed directly onto the
Kapton substrate. This first layer contains the inductor as well
as the bottom plate of the capacitors and the symmetric ground
planes. The second layer is composed of screen-printed
dielectric pads that cover the bottom capacitor layer and
separate the capacitor plates. Finally, the third printed layer is
the top capacitor plate printed from the silver molecular ink.
The SEM cross section shown in Figure 9c reveals the bottom
and top silver layers comprising the capacitor plate to be
∼0.40−0.45 μm thick, and they sandwich a very rough (Rq ∼

0.45 μm) dielectric layer with a thickness of 5 μm. It should be
noted that a CPW line section (labeled as Inductor in Figure
9b) was tuned (via simulation) to realize the required
inductance value to meet the 1 GHz filter requirements. The
measured frequency response of the fully printed low-pass filter
is shown in Figure 9d. Here, S11 represents the return loss and
S21 represents the insertion loss for the filter. As highlighted by
the line in Figure 9d, there is only 3 dB reflection at 1 GHz
(S11), an insertion loss of ∼6 and ∼20 dB at 0.5 and 1 GHz,
respectively (S21), and the out-of-band rejection is greater than
22 dB for frequencies between 1 and 20 GHz (S21).
Interestingly, the filter features a small physical size (8 × 5
mm2) as compared to that of its distributed counterpart and its
lumped elements have been symmetrically implemented in
both signal and ground lines to support and maintain odd
mode excitation of CPW, allowing for further miniaturization.
This filter demonstrates that the screen-printable molecular
silver ink can be used in concert with a screen-printable
dielectric to produce a low-pass filter capable of overcoming
some of the drawbacks of conventional implementations of
microwave low-pass filters. It also highlights that functional
devices produced from multilayer printed structures can be
readily prepared from the ink due to the conformal attributes of
the molecular ink.

2.4. Aerosol Jet- and Inkjet-Printed TFTs. In a further
illustration of the versatility of the molecular ink platform, we
demonstrate the ease with which one can formulate an inkjet-
and aerosol jet-compatible ink. For example, the molecular ink
can be printed from an Optomec, Inc., Aerosol Jet system and
processed at temperatures ranging from 120 to 220 °C to
produce traces with resistivity values ranging from 43 to 3.0

Figure 7. Photograph of functional LEDs that have been bound to
screen-printed silver traces using a silver epoxy.
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μΩ·cm (∼27−1.9 times bulk resistivity) as highlighted in Table
2.
The potential to process at temperatures as low as 120 °C

enables the molecular ink to be printed onto a variety of
substrates, including polyethylene terephthalate (PET), poly-
carbonate (PC), PC−acrylonitrile butadiene styrene (ABS),
and polyamide, and because the formulation contains ethyl
cellulose, the adhesion to these substrates is excellent, achieving
a grade of 5B for all substrates tested using a standard protocol
(ASTM D3359-09), as highlighted in Table 3. In the absence of
ethyl cellulose, the adhesion is more typically 3B−4B (5−10%
removal). In some cases, there can be issues with the removal of
the entire top layer of the trace following the cross-hatch
adhesion test when ethyl cellulose is not included in the
formulation (Figure S10).
Inkjet printing is also gaining traction as a digital additive

manufacturing tool with significant potential because of the
noncontact nature of the method, which is appropriate for
delicate substrates, and it does not require a mask or template
to print. To illustrate the versatility, we reformulated the

molecular ink to provide suitable jetting using a Dimatix DMP-
2000 inkjet printer and fabricated single-walled carbon
nanotube (SWCNT)-based TFTs on a silicon wafer. The
device configuration includes a highly doped silicon layer as a
global bottom gate isolated by a thermal oxide (100 nm thick)
dielectric layer. High-purity semiconducting SWCNTs (IsoSol-
S100, NanoIntegris) were printed as described previously.3

Silver source and drain electrodes were then inkjet-printed
using the silver molecular ink onto the SWCNT channel and
thermally sintered at 230 °C for 30 min. The transfer and I−V
curves for the resulting devices are shown in Figure 10 below.
The partially printed TFTs have mobility values of ∼25 cm2

V−1 s−1 and the current on/off ratio in a range of 104−105,
which compare quite favorably to those of our previous
investigation using evaporated gold source/drain electrodes
onto solution-deposited semiconducting SWCNTs, which had
the average mobility of 20−30 cm2 V−1 s−1 and current on/off
ratio in a range of 104 to 107.64−66 This demonstrates that the
TFT performance of the devices produced from inkjet-printed

Figure 8. Print resolution and pitch achievable with the screen-printed silver molecular ink. Thermally processed linear features with line widths of
41 μm (a) and meandering features with line widths of 68 μm (b). The molecular ink also readily enables traces with line widths/line spacings of 76/
36 μm (c) and 58/20 μm (d). Note that despite the difference in the morphology of the photonically sintered traces (d), the print resolution is
unaffected in comparison to that of the thermally sintered traces (c).
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molecular silver inks is comparable to that of those produced
from evaporated metals and commercial nanoparticle inks.

3. CONCLUSIONS

In summary, the screen-printable molecular ink can be
processed using both heat and light and can produce traces
with submicron thicknesses and line widths as narrow as 41 μm.
The traces produced from photonic sintering have a rough and

porous morphology in comparison to the dense and smooth
morphology of the thermally sintered traces, but both modes of
processing can produce resistivities between 3.3 and 8.0 mΩ/
□/mil (8.4 and 20 μΩ·cm). Traces produced from the
molecular ink have excellent adhesion to Kapton, are
mechanically robust to both flexing and creasing (less than
10% change in resistance), and can bind with epoxy-based
adhesives 1.2× more strongly than traditional flake-based inks.
The key factor in many of these properties results from the
serendipitous interaction between the ethyl cellulose incorpo-
rated into the formulation and the as-produced silver within the
trace. Formulation of the silver neodecanoate salt with ethyl
cellulose and solvent also serves to increase the viscosity of the
silver neodecanoate solution to enable screen printing, lowers
the decomposition temperature of the silver neodecanoate salt,
and improves trace adhesion to the plastic substrate, leading to
robust mechanical properties and excellent bond strength in
industry-relevant epoxies for use in surface mount applications.
Despite the sub-micrometer thickness of the processed traces,

Figure 9. Circuit topology of a third-order Chebyshev filer with cutoff frequency of 1 GHz (a), a photograph of a novel semilumped low-pass filter
printed on a flexible Kapton substrate (b), an SEM cross section of one of the MIM capacitors showing the silver (top and bottom) and dielectric
(middle) thicknesses (c), and the experimental result of the printed semilumped, low-pass filter, where S11 is the measured return loss and S21 is the
measured insertion loss (d).

Table 2. Electrical Properties of Aerosol Jet-Printed Traces Produced from the Silver Molecular Ink on Glass

trace thickness (μm) measured line width (μm) sintering temperature (°C) sintering time (min) volume resistivity (μΩ·cm)

0.5 290 120 60 43.3 ± 1.5

0.5 290 150 60 4.4 ± 0.1

0.5 290 175 60 3.5 ± 0.1

0.5 290 200 60 3.1 ± 0.1

0.5 290 220 15 2.9 ± 0.1

1.4 460 150 60 5.4 ± 0.1

1.4 460 200 60 3.2 ± 0.1

1.4 460 220 15 2.8 ± 0.1

Table 3. Thermal Sintering Conditions and Adhesion Data
for Aerosol Jet-Printed Traces Produced from the Silver
Molecular Ink on a Variety of Plastic Substrates

substrate
sintering

temperature (°C)
sintering time

(min)
adhesion grade

(ASTM D3359-09)

polyamide 200 60 5B

PC 120 60 5B

PC/ABS 120 60 5B

PET 120 60 5B
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the molecular ink can be printed on top of rough (screen-
printed) dielectric surfaces to produce functional MIM devices
in a production environment. Finally, the ink serves as a
platform technology where all of the required components
from the screen-printable ink can be incorporated into inks
compatible with inkjet, aerosol spray, and screen printing,
enabling many applications and devices (such as transistors)
under development in printable electronics.

4. EXPERIMENTAL SECTION

4.1. Formulation of Silver Neodecanoate Screen-Printable
Inks. For screen printing applications, the molecular silver ink was
prepared by first dissolving the ethyl cellulose polymer in a mixture of
aromatic and aliphatic solvents to produce a carrier.67 The silver
neodecanoate salt is subsequently dissolved in the carrier to produce
an ink with a final formulation of 50:50 (w/w) silver salt/carrier. The
viscosity of the inks was measured with a Brookfield DV3T rheometer
fitted with an SC4-14 small sample adapter, and these were found to
shear-thin under stress and had a viscosity of ∼6000 cP. The molecular
ink was screen-printed onto 8.5 in. × 11 in. sheets of Kapton film using
a flatbed ATMA screen printer or an American M&M S-912M small
format screen printer through patterns photoimaged onto kiwocol
emulsion (10−14 μm) supported on a SS403 stainless steel mesh
(Dynamesh, IL). For thermally processed samples, the printed traces
were immediately dried at 140 °C for 15 min to remove all solvent and
subsequently sintered at 230 °C (substrate temperature) for 10 min to
convert the silver neodecanoate salt into metallic silver. The
mechanism describing the conversion of the silver carboxylate salts
into metallic silver has been described previously.49 For the samples
processed via photonic sintering, the printed traces were dried at 75
°C for 15 min to remove the solvent and subsequently processed
under ambient conditions using a Xenon Sinteron 2000. Specifically,
the traces were placed on a conveyor stage that transferred them under
the light-exposed area (40 mm aperture) of the xenon lamp. The
traces were processed using 1 mm conveyer steps with a pulse firing
the lamp after each step with the sample irradiated with 40 pulses of
light. Wavelengths below 240 nm were filtered out of the broadband
spectrum of the xenon bulb, and the bulb height was positioned such
that the focal plane of light was 0.5 in. above the substrate. Electrical
pulses with amplitude ranging from 1.8 to 3.0 kV were used to drive
the UV lamp, which corresponds to energy densities of 0.32−1.03 J/
cm2 per pulse. The resistance of the printed traces was measured after
exposure as a function of pulse amplitude; optimal processing was
defined as the set of conditions that produced the lowest trace

resistance. This condition employed a pulse width of 1.0 ms and a
driving voltage of 2.75 kV. The radiant exposure of 0.76 J/cm2 for this
pulse condition was measured using a L50 (150) detector coupled to a
Vega meter by Ophir. As the sample was exposed to 40 flashes, the
total energy delivered to the sample is 30.5 J/cm2. Topographical
surface characterization of the traces was done using a cyberTECH-
NOLOGIES CT100 optical profilometer fitted with a vacuum chuck
and a white light sensor (cyberTECHNOLOGIES GmbH, Germany).
The 3D images were acquired with 1 μm steps to ensure accuracy. The
surface roughness, thickness, and line width values were all determined
using SCANSUITE software supplied with the profilometer. We also
measured the topography of the surfaces with a Dektak profilometer to
ensure that both contact and noncontact methods of analysis produced
consistent results.

For the inkjet-compatible inks, the molecular silver ink was
prepared by first dissolving the ethyl cellulose polymer in a mixture
of aromatic and aliphatic solvents to produce a carrier. The silver salt is
subsequently dissolved in the carrier to produce an ink with a final
formulation of 50:50 (w/w) silver salt/carrier. The viscosity of the
solution was measured to be ∼11−15 cP (Figure S11), and the surface
tension was 20−35 mN/m. Transistors were printed on silicon wafer
substrates as described previously.3

For aerosol jet-compatible inks, the molecular silver ink was
prepared by first dissolving the ethyl cellulose polymer in a mixture of
aromatic and aliphatic solvents to produce a carrier. The silver salt is
subsequently dissolved in the carrier to produce an ink with a final
formulation of 40:60 (w/w) silver salt/carrier with a viscosity of ∼5 cP
(Figure S12) and a surface tension of ∼28−30 mN/m. This ink was
printed on a variety of substrates including PET, PC, PC/ABS,
polyamide, Kapton, and glass using an Optomec Inc. Aerosol Jet
System.7 The parameters used for the deposition of the ink included
setting the sheath at 50 sccm, the atomizer at 50 sccm, the power at
450 mA, and the chiller at 30 °C and using a 300 mm tip and
perfluoroalkoxy tubing. The solid output using these parameters was
0.27 mg/min as determined for the traces sintered at 220 °C for 10
min.
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Figure 10. Transfer curves for four TFTs (L = 400 μm, W = 570 μm) produced with inkjet-printed semiconducting SWCNT channels and silver
molecular ink source and drain electrodes on a Si/SiO2 substrate (a) and representative output characteristics for one of the transistors (b).
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