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MOLECULAR INK WITH IMPROVED THERMAL STABILITY

This application relates to inks, particularly to printable molecular inks.

Background

The mechanical properties of nanoparticle inks are typically poor. Further, the
thickness of the traces can be decreased to improve the mechanical properties, but the
traces derived from thinner layers of nanoparticle have lower volume resistivity values. It
has been previously demonstrated that molecular inks produced with ethyl cellulose
binders can have significantly enhanced mechanical properties (International Patent
Publication WO 2015/192248 published December 23, 2015). However, when the traces
printed from this formulation are subjected to high temperatures (>230°C) for extended
periods of time (>20 minutes), mechanical failure can result (i.e. resistance change
following flex or crease testing becomes greater than 10%). Such a failure could be
problematic when the ink Is used Iin multilayer processes, because the traces produced
from the molecular ink printed as a first layer will have to be processed for up to 20-30
minutes at temperatures exceeding 220°C as multiple layers are constructed in the
device. Further, the narrowest traces (measured 3-5 mil linewidths) tend to sinter more
quickly than the wider traces (measured 7-20 mil traces). As such, it can be difficult to fine
tune processing conditions to allow for all of the traces, regardless of line width or
thickness, to process under identical conditions.

With respect to such a molecular ink, decreasing sintering temperature and
iIncreasing sintering time can improve the mechanical properties of the resulting traces.
However, resistivity of the traces sintered at temperatures below 200°C can be up to 1.3
times higher than when sintered at higher temperatures (>230°C).

Therefore, a need remains for an ink formulation that has improved thermal
stability permitting sintering at high temperatures e.g. (>230°C) and/or for longer periods
of time (e.g. >20 minutes) of time while producing narrow conductive lines (e.g. <100 pm
or about 4 mil) with good mechanical properties (e.g. less than 10% change in resistance
following flexing and creasing according to ASTM F1683-02) and low resistivity (e.g. <5

mQ/o/mil).
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summary

A molecular silver ink with the ability to increase the loading of silver salt to 80%
by weight (32% by weight silver) or more has been formulated that enables the

production of traces with extraordinary thermal stability.

In one aspect, there Is provided a molecular ink comprising: a silver carboxylate; a
solvent; and, a polymeric binder comprising a hydroxyl- and/or carboxyl-terminated

polyester.

In another aspect, there Is provided a molecular Ink comprising: a silver
carboxylate in an amount that provides a silver loading in the ink of about 24 wt% or
more, based on total weight of the ink; a solvent; and, a polymeric binder comprising a
polyester, polyimide, polyether imide or any mixture thereof having functional groups that

render the polymeric binder compatible with solvent.

In another aspect, there is provided a process for producing a conductive silver
trace on a substrate, the process comprising depositing the molecular Ink onto a
substrate to form a non-conductive trace of the ink on the substrate, and sintering the

non-conductive trace of the ink on the substrate to form the conductive silver trace.

In another aspect, there Is provided a substrate comprising a conductive silver

trace produced by a process as described above.

In another aspect, there iIs provided an electronic device comprising a substrate

having a conductive silver trace produced by a process as described above.

Further features will be described or will become apparent in the course of the
following detailed description. It should be understood that each feature described herein
may be utilized in any combination with any one or more of the other described features,
and that each feature does not necessarily rely on the presence of another feature except

where evident to one of skill in the art.

Brief Description of the Drawings

For clearer understanding, preferred embodiments will now be described in detall

by way of example, with reference to the accompanying drawings, in which:

Fig. 1 depicts a graph the viscosity of the molecular ink (Ink 11) where the viscosity

decreases from about 180000 to about 31000 cP as the shear stress increases from 735



10

15

20

29

30

CA 030b27749 2015-08-06

WO 2018/146617 PCT/IB2018/050789

to 4335 Pa (filled circles) and returns to about 130000cP as the shear stress returns to
530 Pa (hollow diamonds).

Fig. 2A and Fig. 2B depict a three dimensional profilometer image (Fig. 2A) and
cross section analysis (Fig. 2B) of a trace screen-printed from a molecular ink of the
present invention, which has been dried but not sintered. Note that the linewidths and line
spacing of the printed trace are about 64+6 um and about 34+1 um, respectively.

Fig. 3A and Fig. 3B depict a three dimensional profilometer image (Fig. 3A) and
cross section analysis (Fig. 3B) of a trace screen-printed from a molecular ink of the
present invention, which has been dried and sintered. Note that the linewidths and line
spacing of the printed trace are about 70+5 um and about 28+1 pum, respectively.

Fig.4 depicts a graph of the sheet resistivity (mQ/o/mil) as a function of sintering

temperature (°C) for a silver neodecanoate (AgND) ink of the present invention (Ink I1)
compared another AgND ink having a different formulation (Ink C1).

Fig. 5 depicts a plot of the sheet resistivity (mQ/o/mil) vs. sintering temperature

(°C) for 4.6, 8.4 and 22.8 mil traces (measured linewidths) produced from Ink I1.

Fig. 6A depicts photographs showing results of a crease test on traces produced
from Ink C1 following heating at 240°C for 30 minutes.

Fig. 6B depicts photographs showing results of a crease test on traces produced
from Ink 1 following heating at 240°C for 30 minutes.

Fig. 7A depicts photographs showing results of an adhesion test using scotch tape
on traces produced from Ink C1 following heating at 240°C for 30 minutes.

Fig. 7B depicts photographs showing results of an adhesion test using scotch tape
on traces produced from Ink |1 following heating at 240°C for 30 minutes.

Detailed Description

Silver carboxylates comprise a silver ion and an organic group containing a
carboxylic acid moiety. The carboxylate preferably comprises from 1 to 20 carbon atoms,
more preferably from 6 to 15 carbon atoms, even more preferably from 8 to 12 carbon
atoms, for example 10 carbon atoms. The carboxylate is preferably an alkanoate. The
silver carboxylate is preferably a silver salt of an alkanoic acid. Some non-limiting

examples of preferred silver carboxylates are silver ethylhexanoate, silver neodecanoate,
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silver benzoate, silver phenylacetate, silver isobutyrylacetate, silver benzoylacetate, silver
oxalate, silver pivalate and derivatives thereof and any mixtures thereof. Silver
neodecanoate is particularly preferred. One or more than one silver carboxylate may be
in the ink. The silver carboxylate is preferably dispersed in the ink. Preferably, the ink

does not contain flakes or other particles of metallic silver material.

The silver carboxylate is preferably present in the ink in an amount to provide a
silver loading of about 19 wt% or more Iin the ink, based on total weight of the ink. More
preferably, the silver carboxylate provides a silver loading of about 23 wt% or more, or
about 24 wt% or more, or about 25 wt% or more, or about 27 wt% or more, or about 31
wt% or more, or about 32 wt% or more. When the silver carboxylate is silver
neodecanoate, the silver neodecanoate may be preferably present in the ink in an
amount of about 50 wt% or more, based on total weight of the ink, or about 60 wt% or
more, or about 65 wt% or more, or about 70 wt% of more, or about 80 wt% or more.

The solvent is preferably compatible with one or both of the silver salt or polymeric
binder. The solvent is preferably compatible with both the silver salt and polymeric binder.
The silver salt and/or polymeric binder are preferably dispersible, for example soluble, in
the solvent. The solvent is preferably an organic solvent, more preferably a non-aromatic
organic solvent. Non-aromatic organic solvents include, for example, terpenes (e.g.
terpene alcohols), glycol ethers (e.g. dipropylene glycol methyl ether), alcohols (e.g.
methylcyclohexanols, octanols, heptanols), carbitols (e.g. 2-(2-ethoxyethoxy)ethanol) or
any mixture thereof. The solvent preferably comprises a terpene, more preferably a
terpene alcohol. Terpene alcohols may comprise monoterpene alcohols, sesquiterpene
alcohols and the like. Monoterpene alcohols, for example terpineols, geraniol, etc., are
preferred. Terpineols, for example a-terpineol, B-terpineol, y-terpineol, and terpinen-4-ol
are particularly preterred. Especially preferred is a-terpineol. The solvent may be present
in the ink In any suitable amount, preferably in a range of about 1 wt% to about 50 wt%,
based on total weight of the ink. More preferably, the amount is in a range of about 5 wt%
to about 50 wt%, or about 10 wt% to about 40 wt%.

The polymeric binder may comprise a polyester, polyimide, polyether imide or any
mixture thereof having functional groups that render the polymeric binder compatible with
the solvent. Preferably, the polymeric binder is dispersible, for example soluble, in the
solvent. Thus, a mixture of the polymeric binder in the solvent does not lead to significant
phase separation. Functional groups that render the polymeric binder compatible with the
solvent are preferably polar groups capable of participating in hydrogen bonding, for

example one or more of hydroxyl, carboxyl, amino and sulfonyl groups. Preferably, the

4
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polymeric binder comprises terminal hydroxyl and/or carboxyl groups. The polymeric
binder preferably comprises a polyester having functional groups that render the
polyester compatible with the solvent. More preferably, the polymeric binder comprises a
hydroxyl- and/or carboxyl-terminated polyester.

The polymeric binder may be present in the ink in any suitable amount, preferably
iIn a range of about 0.1 wit% to about 5 wit%, based on total weight of the ink. More
preferably, the amount is in a range of about 0.5 wt% to about 3 wt%, or about 1 wt% to
about 2 wt%.

The ink with the polymeric binder enables uniform processing of narrow traces
even following heating at high temperature for a long time, for example at temperatures
greater than about 230°C for at least about one hour. Further, the polymeric binder

advantageously is not required to be a rheology modifier in the Iink. Viscosity of the Ink
may be controlled by adjusting the amount of silver salt in the ink. The polymeric binder
may therefore be used in lower concentration, while permitting the use of more silver salt,
and therefore higher silver loading, without unduly affecting the viscosity. These
properties make the ink particularly well suited for screen printing, where the application
of shear stress significantly decreases the viscosity of the paste, as shown in Fig. 1. In
addition, the weight ratio of silver loading to polymeric binder may be as high as 10:1 or
more, or even 15:1 or more, or even 20:1 or more. The increase In silver carboxylate
concentration coupled with the decrease In binder concentration leads to the production

of sintered silver traces having lower resistivity values than previously demonstrated (e.qg.

<5 m&/o/mil), and the ability to print narrow features.

The described molecular ink enables the production of traces with extraordinary
thermal stabllity, specifically, with respect to the ability to survive flex and crease testing
following exposure to high temperatures for long periods of time. Preferably, the ink
traces can survive flex and crease testing following exposure to temperatures greater

than about 230°C for time periods of at least about one hour. Traces produced from the

molecular ink may have mechanical stability when exposed to temperatures from about
180-300°C.

In one embodiment, the molecular ink consists of a silver carboxylate, a solvent,
and a polymeric binder comprising a hydroxyl- and/or carboxyl-terminated polyester. In
another embodiment, the molecular ink consists of a silver carboxylate in an amount that
provides a silver loading in the ink of about 24 wt% or more, based on total weight of the

INk, a solvent; and a polymeric binder comprising a polyester, polyimide, polyether imide

5
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or any mixture thereof having functional groups that render the polymeric binder
compatible with solvent.

The ink may be deposited on a substrate by any suitable method to form a non-
conductive trace of the ink on the substrate. The ink is particularly suited for printing, for
example, screen printing, inkjet printing, flexography printing, gravure printing, off-set
printing, stamp printing, airbrushing, aerosol printing, typesetting, or any other method.
The ink is uniquely optimizable for a variety of different printing techniques.

After deposition on the substrate, drying and decomposing the silver carboxylate
within the non-conductive trace forms a conductive trace. Drying and decomposition may
be accomplished by any suitable technique, where the techniques and conditions are
guided by the type of substrate on which the traces are deposited and the type of silver
carboxylate in the Ink. For example, drying the Ink and decomposing the silver
carboxylate may be accomplished by heating (thermal, IR, microwave, etc.) and/or

Intense-pulsed light-based photonic sintering.

In one technique, heating the substrate dries and sinters the trace to form the
conductive trace. Sintering decomposes the silver carboxylate to form conductive
particles (for example nanoparticles) of the silver. It is an advantage that heating may be
performed at a relatively high temperature range for longer periods of time without
compromising mechanical properties of the conductive traces formed from the ink, which
IS particularly advantageous in applications where multiple layers of the ink must be
deposited and processed, and in applications involving thermoforming of substrates.

Heating may be performed at a temperature of about 150°C or higher, or 165°C or
higher, or 175°C or higher, or 180°C or higher, or 185°C or higher, or 200°C or higher, or
220°C or higher, or 230°C or higher, or 240°C or higher while producing relatively highly
conductive silver traces that have good mechanical properties. In one embodiment, the
temperature is in a range of about 200°C to about 250°C.

Heating is preferably performed for a time in a range of about 1-180 minutes, for
example 5-120 minutes, or 5-60 minutes. Heating is performed at a sufficient balance
between temperature and time to sinter the trace on the substrate to form a conductive
trace. Improved thermal stability of the ink permits heating for longer periods of time, for
example up to 1 hour or more. The type of heating apparatus also factors into the

temperature and time required for sintering. Sintering may be performed with the



10

15

20

29

30

CA 030b27749 2015-08-06

WO 2018/146617 PCT/IB2018/050789

substrate under an oxidizing atmosphere (e.g. air) or an inert atmosphere (e.g. nitrogen
and/or argon gas).

In another technique, a photonic sintering system may feature a high intensity
lamp (e.qg. a pulsed xenon lamp) that delivers a broadband spectrum of light. The
lamp may deliver about 5-27 J/cm® in energy to the traces. Pulse widths are
preferably in a range of about 0.58-1.5 ms. Driving voltages are preferably in a range
of about 1.6-3.0kV. Photonic sintering may be performed under ambient conditions
(e.qg. In air). Photonic sintering i1s especially suited for polyethylene terephthalate and
polyimide substrates.

A conductive trace formed by drying and sintering the ink on the substrate may be
of any desired thickness and width. It is an advantage that the ink may be dried and
sintered to form a conductive trace that is relatively thin and/or narrow, while maintaining
relatively high conductivity (i.e. relatively low resistivity). The Ink 1s well suited In
applications where functional traces with linewidths ranging from about 50 um to about
1000 um are used In the same circuit. However, conductive traces may have width and/or
thicknesses lower than 50 pm, enabling miniaturization of electronic circuits. In one

embodiment, the ink enables uniform processing of traces with measured linewidths of

about 3.5-23.0 mils with volume resistivity values ranging from 1.5-2.0 mQ/o/mil capable
of passing ASTM F1683-02 flex and crease testing, even following heating at 230°C for

up to one hour.

The substrate may be any suitable surface, especially printable surface. Suitable
surfaces may include, for example polyethylene terephthalate (PET) (e.g. Melinex™),
polyolefin (e.g. silica-filled polyolefin (Teslin™)), polydimethylsiloxane (PDMS),
polystyrene, acrylonitrile/butadiene/styrene, polycarbonate, polyimide (e.g. Kapton™),
thermoplastic polyurethane (TPU), silicone membranes, wool, silk, cotton, flax, jute,
modal, bamboo, nylon, polyester, acrylic, aramid, spandex, polylactide, paper, glass,
coated glass (e.g. ITO-coated glass), metal, dielectric coatings, among others.

The deposited conductive trace on the substrate may be incorporated into an
electronic device, for example electrical circuits, conductive bus bars (e.g. for photovoltaic
cells), sensors (e.g. touch sensors, wearable sensors), antennae (e.g. RFID antennae),
thin film transistors, diodes, smart packaging (e.g. smart drug packaging), conformable
iInserts in equipment and/or vehicles, and multilayer circuits and MIM devices including

low pass filters, frequency selective surfaces, transistors and antenna on conformable
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surfaces that can withstand high temperatures. The ink enables miniaturization of such
electronic devices.

EXAMPLES:
Example 1: Silver Neodecanoate Inks

Silver neodecanoate (AgND)-based inks were formulated as described in Table 1.
Ink 11 was formulated in accordance with the present invention and Ink C1 is a
comparative example of another formulation of AQND-based ink. The inks were prepared
by combining all components and mixing in a plenary mixer until the solutions were
homogenous. One of two polymeric binders was added in the inks: Rokrapol™ 7005 (a
polyester) or ethyl cellulose 46¢P.

Table 1
Ink Component Ink |1 Ink C1
silver neodecanoate (wt%) 60 52.1
Rokrapol™ 7075 (wt%) 1.6 /
ethylcellulose 46¢p (Wt%) / 4.2
terpineol (wt%) 38.4 /
octanol (wt%) / 12.0
diethylbenzene (wt%) / 39.9

The inks were screen printed onto 8.5x11” sheets of Kapton™ HPP-ST using a
screen with a mesh count of 400 (stainless steel screen with a 19 um thread diameter
and 45 um mesh opening). As shown in Fig. 2A and 2B (for printed and dried traces) and
3A and 3B (for printed, dried and sintered traces), Ink |1 Is capable of producing traces
with linewidths/line spacings of 6446 / 34+1 um for the dried traces and 7015 / 2841 um

for the dried and sintered traces, respectively. Screen printed lines 10 cm in length and
nominal widths of 2-20 mil were also produced. These printed traces were thermally
sintered in air at reflow temperatures (T) varying from ~140°C to 240°C using the heating
programs described In Table 2. The temperatures quoted are those measured by a

thermocouple attached to the Kapton™ substrate.

Table 2

Zone Front Rear Time, sec
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Pre-heat 1 100°C 100°C 300
Pre-heat 2 150°C 150°C 300
So0ak 160°C 160°C 300
Reflow T T 3600
Cool 60°C 60°C 300

The electrical properties of the traces were characterized by measuring the
resistance across the 10 cm long traces with an ohm meter. The widths and thickness of
the sintered traces were measured using an optical profilometer (Cyber Technologies 3D
Surface Profiler). The trace widths can be used to determine the number of squares iIn
each 10-cm long trace, and subsequently used to calculate the sheet resistance. Using
the thickness measurements, the sheet resistance values for the traces were calculated.

The electrical properties of the sintered traces are provided in Table 3.

It is evident from Fig. 4 that sintering about 21 mil traces produced from Ink C1 for
60 minutes can produce traces with lower sheet resistivity values in comparison to Ink |1

up to about 180°C. However, at temperatures higher than about 180°C the traces

produced from Ink C1 plateau with sheet resistivity values of about 5 mQ/o/mil, whereas

those produced from Ink |11 continue to decrease to about 1.5 mQ/o/mil.

The sheet resistivity of the Ink [1 vs. sintering temperature was also determined
for ink traces having linewidths in a range of 4.6-22.8 mil. The sintering temperatures
ranged from 180°C to 240°C (substrate temperature) and the sintering times were 50
minutes. Fig. 5 illustrates the results. It is evident from Fig. 5 that the ink can provide very
narrow conductive traces having very low sheet resistivity even when sintered at a
temperature as high as 240°C (see the 4.6 mil line in particular), and that for all
linewidths, the resistivity of the sintered traces drops as the sintering temperature
increases. The data illustrate the excellent thermal stability of Ink 1. At increasingly

higher temperatures (>230°C) for times greater than 20 minutes, the narrowest traces

(linewidths less than about 3-4 mil), Ink C1 typically produces nonconductive traces.

Table 3 shows physical data (nominal and measured line widths and trace
thicknesses) and electrical properties (sheet resistances and resistivity values) for 100
mm (100,000 um) long screen printed traces having nominal linewidths from 2-20 mil
produced from Ink |1 by sintering at 240°C (substrate temperature) for 50 minutes in a
batch reflow oven. It is evident from Table 3 that conductive traces produced by sintering
Ink |1 at a relatively high temperature for a relatively long time have consistently very low
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resistivity over a wide range of linewidths, once again illustrating the excellent thermal
stability of Ink |1.

10
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Table 3
N??Qé”a' -ine || ine width -ine
. Q width # of mQ)/ thickness | mQ/o/mil
width (mil) (Lm) (um)
(mil)
20 18.8+1.0 | 23.1+0.9 | 586.0+t24.0 | 1728 | 110+x12 | 0.54+0.07 | 1.710.2
15 25.0+0.3 | 18.0x0.2 | 456.726.0 | 2212 | 113123 | 0.4810.06 | 2.1x0.4
10 39.2+24 | 12.920.3 | 326.718.6 | 3073 | 128128 | 0.39+0.08 | 1.910.4
5 85.2+2.7 | 8.0+1.2 | 202.31£30.8 | 497+12 | 172128 | 0.3210.08 | 2.410.4
3 157.6x2.1 | 554+1.5 | 147.4+37.4 | 685+15 | 350128 | 0.20+0.08 | 2.310.4
2 203.2x1.9 | 46x1.4 | 117.81£35.9 | 852+14 | 309+11 | 0.19+0.05 | 2.4+0.1

Bend a crease testing in accordance with ASTM F1683-09 was performed on
traces produced by sintering Ink 11 at 240-245°C for 50 minutes. The results are shown in
Table 4. It is evident from Table 4 that resistance does not increase by more than 5%

following any of the tests.

Table 4
Line | % change | % changein | % change | % change in | # of
width | In resistance IN resistance lines
(mil) | resistance | following resistance | following tested
following bend test, | following crease test,
bend test, | compressive | crease compressive
tensile test, tensile
Avg. | 23.1 1.0 2.6 0.5 4.9 -
SD 0.9 1.7 2.6 1.9 3.2
Avg. 18 0.9 2.8 0.7 4.0 -
SD 0.2 1.6 2.9 1.2 2.9
Avg. | 12.9 2.2 3.1 0.5 3.3 -
SD 0.3 1.5 2.9 1.1 2.8
Avg. 8 2.4 3.3 1.1 2.6 a4
SD 1.2 1.4 1.8 1.3 1.8
Avg. | 5.8 3.9 4.5 1.0 2.1 o0
SD 1.5 2.0 2.4 0.6 0.7
Avg.| 4.6 1.1 2.2 0.9 1.1 .
SD 1.4 0.3 0.4 0.2 0.2

Avg. = Average; SD = standard deviation

11
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Crease testing in accordance with ASTM F1683-09 was performed on traces
produced by sintering Ink C1 and Ink 11 at 240°C for 30 minutes. Fig. 6A are photographs
showing the results for Ink C1 and Fig. 6B are photographs showing the results for Ink I1.
Photographs (ii) and (iii) in each of Fig. 6A and Fig. 6B are magnified views of respective
photograph (i). As best seen in the magnified views (ii) and (iii) for Fig. 6A and Fig. 6B,
the traces containing cellulose-based polymers are cracked/broken (Fig. 6A(il) and Fig.
6A(iil), whereas the traces containing Rokrapol™ 7075 remain unaffected by creasing
(Fig. 6B(ii) and Fig. 6B(iii).

Adhesion tests were performed using scotch tape on traces produced by sintering
Ink C1 and Ink 11 at 240°C for 30 minutes. Fig. 7A are photographs showing the results
for Ink C1 and Fig. 7B are photographs showing the results for Ink 11. Photograph (i) in
each of Fig. 7A and Fig. 7B show the traces with the scotch tape applied. Photograph (i)
in each of Fig. 7A and Fig. 7B show the traces after the scotch tape has been removed.
As seen in Fig. 7A(ii), a significant amount of the trace is removed when cellulose-based
polymer (Ink C1) is used to produce the trace. In contrast, as seen in Fig. 7B(ii), no
detectable amount of the trace is removed when Rokrapol™ 7050 (Ink [1) is used to
produce the trace.

The novel features will become apparent to those of skill in the art upon
examination of the description. It should be understood, however, that the scope of the
claims should not be limited by the embodiments, but should be given the broadest
interpretation consistent with the wording of the claims and the specification as a whole.

12
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Claims:

1. A molecular Ink comprising: a silver carboxylate; a solvent; and, a polymeric

binder comprising a hydroxyl- and/or carboxyl-terminated polyester.

2. The molecular Ink according to claim 1, wherein the silver carboxylate is in the Ink
iIn an amount that provides a silver loading in the ink of about 24 wt% or more, based on
total weight of the ink.

3. A molecular Ink comprising: a silver carboxylate in an amount that provides a
silver loading in the ink of about 24 wt% or more, based on total weight of the ink; a
solvent; and, a polymeric binder comprising a polyester, polyimide, polyether imide or any
mixture thereof having functional groups that render the polymeric binder compatible with

solvent.

4. The molecular Ink according to claim 3, wherein polymeric binder comprises a
hydroxyl- and/or carboxyl-terminated polyester.

5. The ink according to any one of claims 1 to 4, wherein the silver carboxylate

comprises silver neodecanoate.

6. The Ink according to claim 5, wherein the silver neodecanoate Is present in the Ink

iIn an amount of about 60 wt% or more, based on total weight of the ink.

/. The Ink according to claim 5, wherein the silver neodecanoate Is present in the Ink
iIn an amount of about 80 wt% or more, based on total weight of the ink.

8. The ink according to any one of claims 1 to 7, wherein the polymeric binder is

present in an amount of about 0.5 wt% to about 3 wt%, based on total weight of the Ink.

9. The ink according to any one of claims 1 to 8, wherein the solvent comprises a

terpene alcohol.

10. The ink according to any one of claims 1 to 8, wherein the solvent comprises a
terpineol.

11. The ink according to any one of claims 1 to 8, wherein the solvent comprises a-
terpineol.

12. The ink according to any one of claims 9 to 11, wherein the solvent is in the ink in

an amount in a range of about 1 wt% to about 50 wt%, based on total weight of the ink.

13
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13. The ink according to any one of claims 9 to 11, wherein the solvent is in the ink in

an amount in a range of about 10 wt% to about 40 wt%, based on total weight of the ink.

14. A process for producing a conductive silver trace on a substrate, the process
comprising depositing an ink as defined in any one of claims 1 to 13 onto a substrate to
form a non-conductive trace of the ink on the substrate, and sintering the non-conductive

trace of the ink on the substrate to form the conductive silver trace.

15. The process according to claim 14, wherein the sintering is performed at a

temperature of about 180°C or higher.

16. The process according to claim 14 or 15, wherein the sintering is performed for a

time in a range of about 1 minute to 180 minutes.

17. The process according to any one of claims 14 to 17, wherein the substrate
comprises polyethylene terephthalate, polyolefin, polydimethylsiloxane, polystyrene,
acrylonitrile/butadiene/styrene, polycarbonate, polyimide, thermoplastic polyurethane, a
silicone membrane, wool, silk, cotton, flax, jute, modal, bamboo, nylon, polyester, acrylic,

aramid, spandex, polylactide, paper, glass, metal or a dielectric coating.

18. The process according to any one of claims 14 to 18, wherein the depositing

comprises printing.

19. The process according to claim 18, wherein the printing comprises screen
printing.

20. A substrate comprising a conductive silver trace produced from an ink as defined

In any one of claims 1 to 13.

21. The substrate according to claim 20, wherein the trace can survive flex and
crease testing in accordance with ASTM F1683-09 following exposure to temperatures
greater than 230°C for a time period of at least one hour.

22. An electronic device comprising a substrate as defined in claim 20 or 21.

14
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