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PRINTABLE MOLECULAR INK

Field

This application relates to inks, particularly to inks that can be sintered at relatively
low temperature and/or can enable the production of conductive traces on a shapeable
substrate, for example a stretchable substrate.

Background

Screen printing is the most commonly used technique to produce conductive
features on flexible substrates and the most common ink employed in the printed
electronics industry is metal flake-based inks. Flake-based inks produce thick traces (>10
pum) and the resulting linewidths of the traces are typically >100 pum. The temperature
required to produce conductive traces is usually over 120°C, though recently two
commercially available silver flake-based inks have been developed that can be sintered
at a temperature as low as 60°C with sheet resistivity values of 20-25 and 50-60
mQ/a/mil, respectively. There is also increasing interest in developing inks that can be
thermoformed or stretched and remain conductive. However, thermoforming flake-based
conductive inks can lead to increases in trace resistance (up to 10-fold) or lead to cracked
and nonconductive traces. With respect to stretchable conductive inks, linear traces
typically cannot be stretched beyond 20% without breaking and have to be printed in a
meandering pattern if more stretch is required. All of the inks described thus far utilize
silver flakes as the conductive component, but there is increasing interest in using silver
precursor inks (i.e. silver molecular inks) in printing technologies because they can
potentially enable the development of very thin, narrow and mechanically robust traces.

It is known that silver formate-alkylamine complexes can be converted to silver
traces at temperatures as low as 25-80°C. Inkjet and spray based formulations comprised
of such salts have demonstrated the ability to produce sub 100 pm traces, but silver
formate is only stable when mixed with specific concentrations of amines (i.e. ammonia,
alkylamines etc.) and decomposes at room temperature in the absence of amines. As
such, inks derived from silver formate salts are not very compatible with screen, gravure
and flexographic printing, where the inks are spread out over large surface areas and
susceptible to evaporation of water and volatile amines which will lead to conversion to
silver on the screen or anilox/transfer rollers. In addition, the presence of ammonia makes
it incompatible with printing in an open manufacturing environment. It would be beneficial

to develop an ink that is stable at room temperature and does not contain a noxious gas
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such as ammonia and volatile solvents so that the ink could be printed via more industry
relevant methods such as screen, gravure and flexographic printing.

One option is the use of silver oxalate salts mixed with alkylamines, in part
because silver oxalate is much more stable at room temperature and does not begin to
thermally decompose until temperatures above 100°C. However, mixtures of silver
oxalate and alkylamines have been shown to produce poorly conductive dip coated films
following sintering at 120-130°C. The resulting films can become significantly more
conductive following photonic sintering. Other examples demonstrate that inkjet-printed
silver oxalate salt/alkylamine mixtures can produce traces with volume resistivity values
of about 350 uQ-cm after sintering for 5 minutes at 130°C, and the values can decrease
to 25-50 pQ-cm when sintered for extended periods of time (30-60 minutes). In addition,
increasing the sintering temperature to 170°C also serves to reduce the volume resistivity
(8-9 pQ-cm). However, temperatures greater than 140°C are incompatible with low
temperature substrates such as polyethylene terephthalate (PET), polycarbonate (PC),
acrylonitrile/butadiene/styrene (ABS), thermoplastic polyurethane (TPU) and many
textiles.

The development of inks that are compatible with such low temperature
substrates can lead into thermoforming and stretchable conductor applications which are
typically carried out on substrates with low glass transition temperatures. Though several
flake-based silver inks have been specially formulated to  withstand
thermoforming/stretching and remain conductive, such inks are susceptible to cracking at
elongations greater than 10-20% resulting in significant resistance increases, particularly
for traces under 500 um wide.

Recently a molecular silver ink platform has been developed that can be
formulated for screen printing (International Patent Publication WO 2015/192248
published December 23, 2015). This screen printable molecular ink has excellent
printability and can be processed with either heat or pulsed light to produce traces with
high conductivity, robust mechanical properties and linewidths as narrow as 76 um
separated by 36 um. A valuable feature of such molecular inks is that they can be printed,
dried and subsequently sintered (using either heat or pulsed light) in order to convert the

nonconductive molecular precursors into conductive metal traces.

However, there remains a need to develop printable inks which form conductive
traces at relatively low temperatures, especially on low temperature thermoformable,

stretchable and textile-based substrates and threads/yarns. The use of molecular inks in
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thermoforming applications is particularly beneficial, enabling the option of screen
printing, drying, thermoforming and subsequently photonically sintering the formed traces

to make them conductive.

Summary

In one aspect, there is provided a molecular ink comprising: a silver carboxylate;
an organic amine compound; an organic polymer binder; a surface tension modifier; and

a 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 process for producing a conductive silver
trace on a shaped substrate, the process comprising: depositing the molecular ink on a
shapeable substrate; drying the ink on the shapeable substrate to form a non-conductive
trace containing the silver carboxylate on the shapeable substrate; forming the shapeable
substrate into a shape to produce a shaped substrate so that at least a portion of the non-
conductive trace is situated on a shaped portion of the shaped substrate; and sintering
(e.g. photosintering) the shaped substrate to decompose the silver carboxylate to metallic
silver thereby producing a conductive silver trace on at least the shaped portion of the
shaped substrate.

In another aspect, there is provided a process for producing a conductive silver
trace on a shaped substrate, the process comprising: depositing the molecular ink on a
shapeable substrate; drying and sintering the ink on the shapeable substrate to form a
conductive trace containing silver metal; forming the shapeable substrate into a shape to
produce a shaped substrate so that at least a portion of the conductive trace is situated
on a shaped portion of the shaped substrate thereby producing a conductive silver trace
on at least the shaped portion of the shaped substrate.

In another aspect, there is provided a process for producing a conductive silver
trace on a stretchable substrate, the process comprising: depositing the molecular ink on
a stretchable substrate; drying and sintering the ink on the stretchable substrate to form a

conductive trace containing silver metal.
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In another aspect, there is provided a process for producing a conductive silver
thread/yarn, the process comprising: soaking the thread/yarn in the molecular ink,
removing excess ink, and thermally sintering the coated thread/yarn to form a conductive
thread/yarn.

In another aspect, there is provided a substrate comprising a conductive silver
trace produced by a process as described above.

In another aspect, there is provided a process for producing a conductive silver
yarn or thread, the process comprising depositing the molecular ink onto a yarn or thread
to form a non-conductive yarn or thread, and sintering the non-conductive yarn/thread to
form the conductive silver thread/yarn.

In another aspect, there is provided an electronic device comprising a substrate
having a conductive silver trace produced by a process as described above.

In another aspect, there is provided an electronic device or garment comprising a
thread/yarn coated with a conductive silver coating or layer 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 detalil
by way of example, with reference to the accompanying drawings, in which:

Fig. 1A depicts a three dimensional profilometer image of printed and sintered
traces produced from a low temperature molecular ink of the present invention (NRC-
848A3a), and a resulting cross section that highlights linewidth and line spacing (L/S) that
can be achieved with the ink.

Fig. 1B depicts another three dimensional profilometer image of printed and
sintered traces produced from the low temperature molecular ink (NRC-848A3a), and the
resulting cross section that further highlights linewidth and line spacing (L/S) that can be
achieved with the ink.
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Fig. 2A depicts a graph of sheet resistivity (mQ/o/mil) vs. temperature (°C) for
conductive silver traces having linewidths of about 512 um produced from another ink of
the present invention (NRC-849A1) processed at different temperatures.

Fig. 2B depicts a graph of sheet resistivity (mQ/c/mil) vs. temperature (°C) for
conductive silver traces having linewidths of about 444 um produced from another ink of
the present invention (NRC-850A) processed at different temperatures.

Fig. 3 depicts a screen-printed trace produced from ink NRC-849A1 that has been
thermally sintered at 120°C for 5 minutes, demonstrating the effect on trace shape when
a thixotropic agent is not included in the ink and the ink is printed in high (>50%) humidity.

Fig. 4 depicts a screen-printed trace produced from ink NRC-850A1 that has been
thermally sintered at 120°C for 5 minutes, demonstrating the effect on trace shape when
a thixotropic agent is included in the ink and the ink is printed in high (>50%) humidity.

Fig. 5 depicts a top view of a trace of ink NRC-850A2, which has been printed on
a glycol-modified polyethylene terephthalate (PET-G) substrate, dried at 75°C,
thermoformed over trapezoidal shapes and photosintered with an energy of 15 J/cm? to

convert the ink to a silver trace.

Fig. 6 depicts a top view of a trace of ink NRC-850A3, which has been printed on
a glycol-modified polyethylene terephthalate (PET-G) substrate, dried at 75°C, sintered at
120°C to convert the ink to a silver trace and subsequently thermoformed over dome and
half cylinder shapes.

Fig. 7A depicts a normalized resistance of silver lines printed from ink NRC-850A
and Dupont’s PE873 ink as a function of applied strain, where the lines were printed on
ozone treated polyester polyurethane (American Polyfilm VLM-4001).

Fig. 7B depicts a normalized resistance of silver lines printed from ink NRC-850A
and Dupont’s PE873 ink as a function of applied strain, where the lines were printed on
polyurethane soft seam tape (Bemis ST604).

Fig. 8A depicts a serpentine pattern that was used to print the ink NRC-850A onto
polyurethane.

Fig. 8B depicts normalized resistance as a function of applied strain for silver lines
printed using ink NRC-850A, where the lines were printed on ozone-treated polyester
polyurethane (American Polyfilm VLM-4001). For the ‘prestrained’ sample, the
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polyurethane substrate was stretched by 10% in the direction of the line when the ink was
deposited on the substrate.

Fig. 9A depicts a photograph of functional LEDs that are being powered by
conductive threads prepared with the molecular inks described in this application.

Fig 9B depicts a close-up photograph of a single LED that is wired to the wearable
platform using conductive thread sewn through the electrode on the platform and through
the positive (+) electrode on the LED. Note the thread from the negative (-) electrode is
going to the ground on the wearable device on the back side of the fabric.

Detailed Description

Silver carboxylates are preferably organic silver salts comprising a silver ion and
an organic group containing a carboxylic acid moiety. The carboxylate preferably
comprises from 1 to 20 carbon atoms. The carboxylate is preferably a Ci.o0 alkanoate.
The silver carboxylate is preferably a silver salt of a C.5 alkanoic acid. Some non-limiting
examples of silver carboxylates are silver formate, silver acetate, silver oxalate, silver
propionate, silver butanoate, silver ethylhexanoate, silver neodecanoate, silver
pentafluoropropionate, silver citrate, silver glycolate, silver lactate, silver benzoate, silver
benzoate derivatives, silver trifluoroacetate, silver phenylacetate, silver phenylacetate
derivatives, silver hexafluoroacetyl-acetonate, silver isobutyrylacetate, silver
benzoylacetate, silver propionylacetate, silver acetoacetate, silver alpha-
methylacetoacetate, silver alpha-ethylacetoacetate and any mixtures thereof. Silver
oxalate 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 of silver-containing material.

The silver carboxylate may be present in the ink in any suitable amount,
preferably in a range of about 5 wt% to about 75 wt%, based on total weight of the ink.
More preferably, the amount is in a range of about 5 wt% to about 60 wt%, or about 5
wi% to about 50 wt%, or about 10 wt% to about 75 wt%, or about 10 wi% to about 60
wi%, or about 10 wt% to about 45 wi%, or about 25 wt% to about 40 wt%. In one
especially preferred embodiment, the amount is in a range of about 30 wit% to about 35
wi%. In terms of silver content, silver itself is preferably present in a range of about 3 wt%
to about 30 wt% based on total weight of the ink. More preferably, the amount is in a
range of about 6 wi% to about 30 wt%, or about 15 wit% to about 25 wt%. In one
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especially preferred embodiment, the amount is in a range of about 18 wt% to about 24

wit%.

Organic amine compounds may be aliphatic and/or aromatic amines, for example
Ci20 alkyl amines and/or Cg. aryl amines. The organic amine compound may be
substituted with one or more other functional groups, preferably polar functional groups.
Some non-limiting examples of other functional groups include -OH, -SH, =0, -CHO,
-COOH and halogen (e.g. F, Cl, Br). Preferably, the other functional group is -OH. A
particularly preferred class of organic amine compounds is the amino alcohols, especially
hydroxyalkylamines. Hydroxyalkylamines preferably comprise from 2 to 8 carbon atoms.
Some non-limiting examples of hydroxyalkylamines are 1,2-ethanolamine, amino-2-
propanol, 1,3-propanolamine, 1,4-butanolamine, 2-(butylamino)ethanol, 2-amino-1-
butanol, and the like. Amino-2-propanol is particularly preferred. One or more than one

organic amine compound may be in the ink.

The organic amine may be present in the ink in any suitable amount, preferably in
a range of about 10 wt% to about 75 wt%, based on total weight of the ink. More
preferably, the amount is in a range of about 20 wt% to about 60 wt%, or about 25 wt% to
about 55 wt%. In one especially preferred embodiment, the amount is in a range of about
40 wt% to about 50 wt%.

The silver carboxylate and organic amine compound may form a complex in the
ink. The complex may comprise a molar ratio of silver carboxylate to organic amine
compound of 1:1 to 1:4, for example 1:1 or 1:2 or 1:3 or 1:4. Complexes of and
interactions between the silver carboxylate and organic amine may provide silver metal

precursors that may be formulated with other components as a molecular ink.

The organic polymer binder may be any suitable polymer, preferably a
thermoplastic or elastomeric polymer. The organic polymer binder is preferably
compatible with the organic amine compound, whereby a mixture of the organic amine
compound in the organic polymer binder does not lead to significant phase separation.
Some non-limiting examples are cellulosic polymers, polyacrylates, polystyrenes,
polyolefins, polyvinyl acetals, polyesters, polyimides, polyols, polyurethanes,
fluoropolymers, fluoroelastomers and mixtures thereof. The organic polymer binder may
be homopolymeric or copolymeric. Cellulosic polymers are particularly preferred, for
example, methylcellulose, ethylcellulose, ethyl methyl cellulose, hydroxyethyl cellulose,
hydroxypropy! cellulose, hydroxyethyl methyl cellulose, hydroxypropyl methyl cellulose,
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ethyl hydroxyethyl cellulose, carboxymethyl cellulose or a mixture thereof. Hydroxyethyl
cellulose is particularly preferred.

The organic polymer binder may be present in the ink in any suitable amount,
preferably in a range of about 0.05 wt% to about 10 wt%, based on total weight of the ink.
More preferably, the amount is in a range of about 0.1 wt% to about 5 wt%, or about 0.2
wt% to about 2 wt%, or about 0.2 wt% to about 1 wt%. In one especially preferred
embodiment, the amount is in a range of about 0.3 wt% to about 0.95 wt%.

The surface tension modifier may be any suitable additive that improves flow and
leveling properties of the ink. Some non-limiting examples are surfactants (e.g. cationic,
nonionic or anionic surfactants), alcohols (e.g. propanol), glycolic acid, lactic acid and
mixtures thereof. Lactic acid is particularly preferred. Without the surface tension modifier,
shape retention of traces produced from the ink may be poor, particularly in humid

environments, resulting in nonuniform features.

The surface tension modifier may be present in the ink in any suitable amount,
preferably in a range of about 0.1 wt% to about 5 wt%, based on total weight of the ink.
More preferably, the amount is in a range of about 0.5 wt% to about 4 wt%, or about 0.8
wi% to about 3 wt%. In one especially preferred embodiment, the amount is in a range of
about 1 wit% to about 2.7 wt%.

The solvent may be an aqueous or an organic solvent. Organic solvents or
mixtures of organic solvents are preferred. In some instances, a mixture of one or more
organic solvents with an aqueous solvent may be utilized. The solvent is preferably
compatible with one or both of the organic amine compound or organic polymer binder.
The solvent is preferably compatible with both the organic amine compound and the
organic polymer binder. The organic amine compound and/or organic polymer binder are
preferably dispersible, for example soluble, in the solvent. The organic solvent may be
aromatic, non-aromatic or a mixture of aromatic and non-aromatic solvents. Aromatic
solvents include, for example, benzene, toluene, ethylbenzene, xylenes, chlorobenzene,
benzyl ether, anisole, benzonitrile, pyridine, diethylbenzene, propyloenzene, cumene,
isobutyloenzene, p-cymene, tetralin, trimethylbenzenes (e.g. mesitylene), durene, p-
cumene or any mixture thereof. Non-aromatic solvents include, for example, terpenes,
glycol ethers (e.g. dipropylene glycol methyl ether, methylcarbitol, ethylcarbitol,
butylcarbitol, triethyleneglycol and derivatives  thereof), alcohols (e.0.
methylcyclohexanols, octanols, heptanols, isopropanol) or any mixture thereof.
Dipropylene glycol methyl ether is preferred.
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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 2 wit% to about 35 wt%, or about 5 wt% to about 25
wt%. In one especially preferred embodiment, the amount is in a range of about 10 wt%
to about 20 wt%. The solvent generally makes up the balance of the ink.

The ink may also comprise a defoaming agent. The defoaming agent may be any
suitable anti-foaming additive. Some non-limiting examples are fluorosilicones, mineral
oils, vegetable oils, polysiloxanes, ester waxes, fatty alcohols, glycerol, stearates,
silicones, polypropylene based polyethers and mixtures thereof. Glycerol and
polypropylene based polyethers are particularly preferred. In the absence of the
defoaming agent, some printed traces may tend to retain air bubbles following printing,

resulting in nonuniform traces.

The defoaming agent may be present in the ink in any suitable amount, preferably
in a range of about 0.0001 wt% to about 1 wt%, based on total weight of the ink. More
preferably, the amount is in a range of about 0.001 wt% to about 0.1 wt%, or about 0.002
wi% to about 0.05 wt%. In one especially preferred embodiment, the amount is in a range
of about 0.005 wt% to about 0.01 wt%.

The ink may also comprise a thixotropy modifying agent. The thixotropy modifying
agent may be any suitable thixotropy-modifying additive. Some non-limiting examples are
polyhydroxycarboxylic acid amides, polyurethanes, acrylic polymers, latex,
polyvinylalcohol, styrene/butadiene, clay, clay derivatives, sulfonates, guar, xanthan,
cellulose, locust gum, acacia gum, saccharides, saccharide derivatives, cassein,

collagen, modified castor oils, organosilicones and mixtures thereof.

The thixotropy modifying agent may be present in the ink in any suitable amount,
preferably in a range of about 0.05 wt% to about 1 wt%, based on total weight of the ink.
More preferably, the amount is in a range of about 0.1 wi% to about 0.8 wt%. In one
especially preferred embodiment, the amount is in a range of about 0.2 wt% to about 0.5

wit%.

The relative amounts and/or specific compositions of the various components of
the ink may have an important role in optimizing performance of the ink. Preferred
embodiments of the amounts and compositions of the components permit tuning the
sintering temperature of the ink to accommodate shapeable substrates that are less
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robust to high temperatures, while maintaining high conductivity of conductive traces
formed from the ink.

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, airbrushing, aerosol printing, typesetting, stamp or any other method. Screen
printing is especially preferred.

After deposition on the substrate, drying and decomposing the silver salt 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 salt in the
ink. For example, drying the ink and decomposing the silver salt may be accomplished by
heating and/or photonic sintering with intense pulsed UV light.

In one technique, heating the substrate dries and sinters the trace to form the
conductive trace. Sintering decomposes the silver salt to form conductive particles (for
example nanoparticles) of the silver. It is an advantage that heating may be performed at
a relatively low temperature range of about 80-140°C, especially about 85-140°C, more
especially about 90-130°C, while producing relatively thin and highly conductive silver
traces. While the ability to sinter at lower temperature is an advantage of the ink, heating
may be performed at higher temperatures, if desired, for example at temperatures of
150°C or higher or up to a temperature of about 250°C.

Heating is preferably performed for a time of about 1 hour or less, more preferably
about 30 minutes or less, for example a time in a range of about 1-30 minutes, or about
2-20 minutes, in particular about 5-20 minutes. Heating is performed at a sufficient
balance between temperature and time to sinter the trace on the substrate to form a
conductive trace. For example, narrow, highly conductive traces may be formed by
sintering at 120°C for as little as 5 minutes or at 90°C for 20-40 minutes. The type of
heating apparatus also factors into the temperature and time required for sintering.
Sintering may be performed with the substrate under an oxidizing atmosphere (e.g. air) or
an inert atmosphere (e.g. nitrogen and/or argon gas), although an ambient atmosphere is
preferred.

In another technique, a photonic sintering system may feature a high intensity
lamp (e.g. a pulsed xenon lamp) that delivers a broadband spectrum of light. The

10
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lamp may deliver about 5-20 J/cm?® in energy to the traces. Pulse widths are
preferably in a range of about 0.58-1.5 ms. Photonic sintering may be performed
under ambient conditions (e.g. in air). Photonic sintering is especially suited for

polyethylene terephthalate, polycarbonate and polyimide substrates.

In yet other techniques, sintering may be performed using microwave or near
infrared (NIR) methods.

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). In some embodiments, the
conductive trace may have an average thickness of about 4 microns or less, or even
about 1.5 microns or less, or even about 1 micron or less, for example about 0.3-1.5
microns or about 0.4-1 micron. In some embodiments, the conductive trace may have a
nominal line width of about 30 mil or lower, or even about 20 mil or lower, for example
about 2-20 mil. Sheet resistivity values may be less than about 30 mQ/o/mil, or even
about 20 mQ/o/mil or less, for example about 5-20 mQ/o/mil. Additionally, the ink can
provide conductive traces on a substrate with relatively low linewidth-over-spacing (L/S)
values, which advantageously lends itself to miniaturization of electronic circuitry. For
example, the L/S value may be less than about 100/70 um, even as low as about 42/38

pm.

The substrate may be any suitable surface, especially printable surface. Surfaces
may include, for example polyethylene terephthalate (PET) (e.g. Melinex™), amorphous
polyethylene terephthalate (APET), glycol modified polyethylene terephthalate (PET-G),
polyethylene naphthalate, polyolefin (e.g. silica-filed polyolefin  (Teslin™)),
polydimethylsiloxane (PDMS), polystyrene, polycarbonate, polyimide (e.g. Kapton™),
thermoplastic polyurethane (TPU), acrylonitrile/butadiene/styrene, polystyrene, silicone
membranes, wool, silk, cotton, flax, jute, modal, bamboo, nylon, polyester, acrylic,
aramid, spandex, polylactide, latex, textiles (e.g. cellulosic textiles and threads/yarns),
paper, glass, metal, dielectric coatings, among others.

The yarn or thread may be made out of any suitable material. Some non-limiting
examples are untreated cotton, nylon, polyester, latex, silk, wool, fleece, linen, rayon,
acrylic, bamboo, spandex, among others.
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Shapeable substrates are preferred. Because the ink can be dried and sintered at
temperatures under 100°C to form conductive traces, the ink is compatible with the range
of shapeable substrates currently commercially available. Shapeable substrates may be
flexible (e.g. bendable, stretchable, twistable etc.) under particular forming conditions. In
some instances, the shapeable substrate may retain the shaped form after forming, while
in other instances, external force may be required to retain the shaped substrate in the
shaped form. The shapeable substrate may be formed into the shaped substrate in any

suitable manner, for example thermoforming, cold forming, extrusion, blow molding, etc.

Where the shapeable substrate is stretchable, the conductive silver traces can be
stretched up to strains of at least about 1.2, or at least about 0.8, while remaining
conductive. For example, the conductive silver traces can be stretched to strains from
about 0.1 to at least about 1.2 while remaining conductive. The strain limit to which the
conductive silver traces can be stretched while remaining conductive is at least partially
dependent on the substrate.

The ink advantageously provides for a unique process for producing conductive
silver traces on a shaped substrate. The ink may be deposited on a shapeable substrate
and then dried to form a non-conductive trace containing the silver carboxylate on the
shapeable substrate. The shapeable substrate may then be formed into a desired shape
to produce a shaped substrate so that at least a portion of the non-conductive trace is
situated on a shaped portion of the shaped substrate. Then, sintering the shaped
substrate to decompose the silver carboxylate to metallic silver produces a conductive
silver trace on at least the shaped portion of the shaped substrate. In this process, when
the substrate is shaped, the traces are non-conductive and contain the silver carboxylate
or silver carboxylate/organic amine complex dispersed in an organic polymer binder
matrix. When the substrate is formed into the desired shape, for example by
thermoforming, the silver carboxylate or silver carboxylate/organic amine complex
deforms along with the organic polymer binder matrix without producing cracks in the
trace. When the traces are sintered after shaping the substrate, the resulting conductive
silver network is formed without or with fewer cracks, thereby maintaining high
conductivity.

In contrast, prior methods of producing conductive silver traces on shaped
substrates involve printing a silver-based ink on the substrate, curing the ink to dry and
sinter the ink on the substrate thereby producing the conductive silver traces on the
substrate, followed by forming the substrate into a desired shape. When the ink is cured,
the conductive network is already established before the substrate is shaped. Therefore,
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as the forming process is undertaken, the silver particles (e.g. flakes or nanoparticles) in
the trace separate (e.g. are pulled apart by the change in shape of the substrate) causing
cracks to form in the traces thereby decreasing conductivity. This could be due to a
change in thickness of the traces, which accompanies forming the substrate into the
desired shape. Stretched traces become longer, narrower and thinner. Flake-based
traces typically become less mechanically robust to flexing and creasing and less
conductive when they are less than 10 um thick. In contrast, the molecular inks of the
present invention remain mechanically robust following flexing and creasing and highly
conductive despite the fact that they are very thin (e.g. under 1 um).

It is also possible to deposit the ink onto a shapeable substrate, dry the ink and
then convert the ink into a conductive silver trace, for example by using heat. The
shapeable substrate may then be formed into a desired shape to produce a shaped
substrate so that at least a portion of the conductive trace is situated on a shaped portion
of the shaped substrate. When the substrate is shaped, the silver traces remain

conductive.

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
inserts in equipment and/or vehicles, and multilayer circuits and MIM devices including
low pass filters, frequency selective surfaces, transistors and antenna on conformable
surfaces that can withstand high temperatures. The ink enables miniaturization of such

electronic devices.
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EXAMPLES:

Example 1: Molecular Ink Formulation

Molecular inks that can be processed at low temperature were formulated in
accordance with the compositions shown in Tables 1-6. A molecular ink that can be
processed at low temperature with improved and more reliable printability (i.e. dewetting
and line uniformity improvements) was formulated in accordance with the composition
shown in Table 4.

The ink is preferably used shortly after formulation, but may be stored for longer
periods of time at a temperature in a range of about -4°C to about 4°C without significant
decomposition. In addition, the ink can be recovered from the screen and reused for
further printing provided it is stored in above mentioned temperature range.

Table 1. The composition of screen printable molecular ink NRC-848A3a

Component Purpose of addition % by weight
Silver oxalate Silver precursor 32.6
Amino-2-propanol Amine 45.5
Hydroxyethyl cellulose Binder/rheology modifier 0.6
Glycolic acid Surface tension modifier 1.9
Glycerol Defoaming agent 2.6
Dipropylene glycol methyl ether Solvent 16.8

Table 2. The composition of screen printable molecular ink NRC-849A1

Component Purpose of addition % by weight
Silver oxalate Silver precursor 33.1
Amino-2-propanol Amine 46.5
Hydroxyethyl cellulose Binder/rheology modifier 0.63
Lactic acid Surface tension modifier 2.45
Dipropylene glycol methyl ether Solvent 17.3
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Table 3. The composition of screen printable molecular ink NRC-850A

Component Purpose of addition % by weight
Silver oxalate Silver precursor 33.1
Amino-2-propanol Amine 46.5
Hydroxyethyl cellulose Binder/rheology modifier 0.63
Lactic acid Surface tension modifier 2.47
Antifoam 204 Defoaming agent 0.00073
Dipropylene glycol methyl ether Solvent 17.4

Table 4. The composition of screen printable molecular ink NRC-850A1

Component Purpose of addition % by weight
Silver oxalate Silver precursor 33.1
Amino-2-propanol Amine 46.5
Hydroxyethyl cellulose Binder/rheology modifier 0.63
Lactic acid Surface tension modifier 2.48

Antifoam 204 Defoaming agent 0.00073

Dipropylene glycol methyl ether Solvent 16.9
Polyhydroxycarboxylic acid amide | Thixotropy modifying agent 0.29

(BYK™-R 605)
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Table 5. The composition of screen printable molecular ink NRC-850A2

Component Purpose of addition % by weight
Silver oxalate Silver precursor 33.0
Amino-2-propanol Amine 46.4
Hydroxyethyl cellulose Binder/rheology modifier 0.92
Lactic acid Surface tension modifier 2.47
Antifoam 204 Defoaming agent 0.00073
Dipropylene glycol methyl ether Solvent 16.9
Polyhydroxycarboxylic acid amide | Thixotropy modifying agent 0.38
(BYK™-R 605)

Table 6. The composition of screen printable molecular ink NRC-850A3

Component Purpose of addition % by weight
Silver oxalate Silver precursor 32.6
Amino-2-propanol Amine 46.0
Hydroxyethyl cellulose Binder/rheology 0.92
modifier
Rokrapol 7075 Binder 0.35
Lactic acid Surface tension 2.57
modifier
Antifoam 204 Defoaming agent 0.00073
Dipropylene glycol methyl ether Solvent 17.1
Polyhydroxycarboxylic acid amide Thixotropy 0.46
(BYK™-R 605) modifying agent
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Table 7. The composition of screen printable molecular ink NRC-850A4

Component Purpose of addition % by weight
Silver oxalate Silver precursor 34.3
Amino-2-propanol Amine 38.5
2-amino-1-butanol Amine 14.4
Binder/rheology
Hydroxyethyl cellulose modifier 0.7
Lactic acid Suriace _tgnsion 0.9
modifier
0.0076
Antifoam 204 Defoaming agent
Dipropylene glycol methyl ether Solvent 6.9
isopropanol Solvent 4
Polyhydroxycarboxylic acid amide Thixotropy 0.3
(BYK™-R 605) modifying agent '

Example 2: Screen printing the low temperature inks to produce sub-100 um traces

On a sheet of Melinex™ ST505, the ink NRC-848A3a was screen printed
(stainless steel, mesh count/inch = 400; emulsion thickness = 22.5 pm) and thermally
processed at 75°C for 6 minutes and 120°C for 20 minutes to produce several series of
four parallel conductive silver traces having line widths of about 42 um and line spacing of
about 38 um on the substrate, as shown in Fig. 1A and line widths of about 85 pm and
line spacing of about 60 um, as shown in Fig. 1B. The pitch, defined as linewidth and line
spacing (L/S), was measured to be 42/38, and 85/65 um, respectively. 3-D profilometer
images of the traces and the corresponding cross-sections measured by optical
profilometry are provided in Fig. 1A and Fig. 1B.
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Example 3: Electrical properties of the low temperature ink processed at temperatures
compatible with low glass transition temperature substrates

Two inks (NRC-849A1 and NRC-850A) were screen printed on five separate
samples of Melinex® ST505 substrate in a manner as described in Example 2. The
traces on each substrate were thermally processed for 20 minutes at five different
temperatures (91°C, 102°C, 111°C, 121°C and 131°C) to form conductive silver traces on
each substrate. The sheet resistivity values for the conductive silver traces produced from
NRC-849A1 and NRC-850A were calculated and the results are shown in Fig. 2A and
Fig. 2B, respectively. The results indicate that sheet resistivity values of less than about
40 mQ/o/mil are obtainable at thermal processing temperatures as low as about 90°C.
That the ink may be thermally processed at temperatures as low as about 90°C while
maintaining good to excellent electrical properties is conducive for using the ink to
produce conductive silver traces on thermoformable substrates. Conductive traces can
be produced at temperatures as low as 81°C as well, though the sheet resistivity values

are quite high (about 650 mQ/o/mil).

As seen in Table 8, the ink (NRC-850A) may be screen printed and thermally
processed at 120°C to produce conductive silver traces having measured line widths as
low as 2.8 mil (71 um) and line thicknesses of about 0.9 um or less, while maintaining
sheet resistivity of less than about 20 mQ/c/mil. Of particular note, the measured 5.5 mil

(141 um) to 18.9 mil (408 um) traces have sheet resistivity values of about 10 mQ/c/mil.

Table 8. The measured linewidths, trace thickness and resulting sheet resistivities
measured for 10 cm long lines printed from NRC-850A on Melinex® ST505 and sintered
at 75°C for 5 minutes followed by 120°C for 20 minutes.

nominal line width
2 mil 3 mil 5 mil 10 mil 15 mil 20 mil
measured
linewidth (um) 7113 99+4 14143 25016 364+3 48043
thickness (um) | 0.7520.05 | 0.57+0.01 | 0.58+0.01 | 0.84+0.08 | 0.86+0.08 | 0.79+0.10
sheet resistivity
(mQ/o/mil) 30.0+0.2 | 13.1+1.0 8.510.2 10.2+0.2 | 10.1+0.3 9.24+1.3
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Example 4: Printability of ink in high humidity environments

The inks NRC-849A1 and NRC-850A1 were screen printed on Melinex™ ST505
substrate in a manner as described in Example 2 in high humidity environments (humidity
>50%). The traces on each substrate were thermally processed for 20 minutes at 121°C
to form conductive silver traces (Fig. 3 and Fig. 4, respectively). In the absence of a
thixotropic agent (NRC-849A1, Fig. 3) the ink significantly dewets from the surface,
producing nonuniform and broken traces. In contrast, with the addition of the thixotropic
agent (NRC-850A1, Fig. 4) the traces do not dewet from the substrate surface and

remain uniform.
Example 5: Cold storage without ink solidification

The formulation containing both amino-2-propanol and 2-amino-1-butanol (NRC-
850A4) enables storage at -10 to -4°C without ink solidification while maintaining electrical
properties similar to that for NRC-850A2 and NRC-850A3, which contain only amino-2-
propanol. Note that, though NRC-850A2 and NRC-850A3 solidify during cold storage,

warming to room temperature regenerates the liquid state of the ink over time.
Example 6: Thermoforming on PET-G substrate — forming then sintering

The ink NRC-850A2 was screen printed onto a sheet of polyethylene
terephthalate glycol-modified (PET-G) (508 pm, 20 mil thick) via screen printing to
produce a variety of 10 cm long traces with linewidths ranging from about 100 pum to
about 590 pm. Following printing, the non-conductive traces were dried and
thermoformed around a variety of shapes including trapezoid, half-cylinder and half-
sphere features. The thermoformed traces can be subsequently photonically sintered
(Xenon Sinteron 2000 system) to produce conductive traces. A representative
photograph of thermoformed traces is provided in Fig. 5 and the corresponding resistance
measured across the traces for the conductive features is provided in Table 9,
demonstrating that continuous traces of silver metal are formed without cracking where
the non-conductive ink underwent deformation during thermoforming, but prior to
sintering. Table 9 highlights that the resistance measured across the control traces (i.e.
those that were not thermoformed) are nearly identical to those that were thermoformed,
suggesting that the electrical properties of the traces are unaffected by the thermoforming
process. In some cases, the resistance measured across the thermoformed traces is

actually lower than that of the control traces. This may be due to portions of the
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thermoformed traces being higher than the control samples, which brings those portions
closer to the lamp and exposes it to more intense pulsed light.

Table 9. The change in resistance that accompanies the thermoforming of 20 mil traces
produced from NRC-850A2 that are printed, dried, thermoformed and subsequently
converted to conductive traces using pulsed light with energies of 15 and 20 J/cm®. In
each case, the control line was exposed to the same process without being

thermoformed.

Energy | Linewidth Shape of object Resistance across trace

(J/em?) (mil) thermoformed into trace (Q)

20 23 Control (no shape) 70

23 35° trapezoid 69

23 35° trapezoid 60

23 35° trapezoid 56

15 23 Control (no shape) 69

23 35° trapezoid 60

23 35° trapezoid 59

23 35° trapezoid 68

Example 7: Thermoforming on PET-G substrate — sintering then forming

The ink NRC-850A3 was screen printed onto a sheet of PET-G to produce a
variety of 10 cm long traces with measured linewidths ranging from about 100 pm to
about 550 um. Following printing, the traces were thermally sintered at 75°C for 6 minutes
and 125°C for 15 minutes to produce a series of conductive traces. The traces were
subsequently thermoformed around a variety of shapes including half-cylinders and
domes. A representative thermoformed trace is provided in Fig. 6 and the corresponding
resistance of the thermoformed traces in comparison to control traces are provided in
Table 10. Though the resistance of the traces do increase (between 1.6 and 4.5 fold
depending on the amount of elongation) following thermoforming, the thermoformed

traces produced from the molecular ink remain conductive.
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Table 10. The change in resistance that accompanies the thermoforming of half-cylinder
and dome shapes into molecular ink traces printed from NRC-850A3 on PET-G and
thermally sintered at 125°C for 15 minutes. In each case, the average stretch the trace is
subjected to is also included.

nominal linewidth (mil) 20 15 10
resistance before thermoforming (Q) 158 183 225
Line set 5 resistance after thermoforming (Q) 561 660 758
average % stretch 14 14 14
resistance before thermoforming (Q) 170 194 233
Line set 4 resistance after thermoforming (Q) 751 763 831
average % stretch 13 13 13
resistance before thermoforming (Q) 180 200 237
Line set 3 resistance after thermoforming (Q) 699 665 676
average % stretch 10 10 10
resistance before thermoforming (Q) 197 208 237
Line set 2 resistance after thermoforming (Q) 369 355 405
average % stretch 8 8 8
resistance before thermoforming (Q) 155 182 249
Line set 1 resistance after thermoforming (Q) 346 345 390
average % stretch 11 11 11

Example 8: Stretching linear conductive traces derived from molecular inks

The ink NRC-850A as well as commercially available ink Dupont PE873
(formulated for stretchable electronics) were screen printed onto two thermoplastic
polyurethane substrates (Bemis soft seam tape ST604, and, American Polyfilm, Inc VLM-
4001). The VLM-4001 polyurethane substrate was treated by reactive ozone prior to
printing. The printed traces were linear, thermally sintered at 150°C for 15 mins and were
20 mil wide and 4 c¢m long. A strain was applied to the samples and the changes in
resistance were measured under strain. Fig. 7A shows the normalized resistance (R/R,
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where R, represents the resistance of the sample under zero strain) as a function of
applied strain for the two inks on American Polyfim VLM-4001. Fig. 7B shows the
normalized resistance as a function of applied strain for the two inks on Bemis soft seam
tape ST604. On both substrates, ink NRC-850A shows a lower normalized resistance as
a function of applied strain than Dupont PE873. In addition, NRC-850A remains
conductive under higher strain than the Dupont PE873 ink.

Example 9: Stretching meandering conductive traces derived from molecular inks

In another example, the polyurethane substrate American Polyfilm VLM-4001 was
ozone treated. The ink NRC-850A was printed on the polyurethane substrate under two
conditions. In one case, the substrate was under no strain. In a second case, the
substrate was pre-strained by 10% in one direction (i.e. the substrate was stretch by 10%
during the time of printing). The print pattern included linear and serpentine traces of 20
mils in width and 4 cm in length between the electrical contact pads. Fig. 8A shows the
serpentine lines made up of repeat units of a 270° of a circle. The normalized resistance
of the linear and serpentine traces was measured as a function of applied strain, as
shown in Fig. 8B. The silver serpentine traces printed on the pre-strained polyurethane
remained conductive up to over 120% applied strain and the resistance at 120% strain
was 150 times greater than the resistance under no strain. Table 11 compares the
normalized resistance for all four conditions (serpentine traces, linear traces, pre-strained

and no pre-strained) at 40% applied strain.

Table 11. The normalized resistance of the serpentine lines and straight line that were
prepared under no pre-strain and 10% strain when printed. The normalized resistance is
measured at 40% applied strain.

R/R, at 40% strain
serpentine traces no pre-strain 20
pre-strained 8
linear traces no pre-strain 24
pre-strained 21

Example 10: Development of Conductive Threads

To impart electrical properties to the threads, untreated cotton, nylon and
polyester threads were soaked in the ink (NRC-850A3) for 1 — 60 minutes. Excess ink is
removed from the threads by squeezing it between the thumb and finger and pulling it
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upwards. The resulting silver oxalate molecular ink soaked threads are subsequently
secured into clips fastened to a metal frame, placed in an oven and heated at 120-150 °C
for 20 minutes. The effectiveness of the coating progress in producing conductive
threads was monitored by measuring the resistances of the threads (Table 12). In
practical application, the threads can be used to incorporate LEDs (driven by the Adafruit
Gemma wearable electronic platform) onto a swath of fabric. As demonstrated in Figure
9A and 9B, for each LED the power is supplied to the +ve end of the LED by a nylon
thread. The cotton thread was used to attach the ground terminal to the —ve terminal of
the upper left LED and polyester thread was used to attach the ground terminal to the —ve
terminal of the lower right LED. This demonstrates that the modified conductive threads
are robust and remain functional despite being pulled through the fabric and sewn around
the eyelets of the LED and the Gemma wearable platform (Figure 9A and B).

Table 12. The Measured Resistance of a Polyester, Cotton and Nylon and Polyester
Threads Following 3 cycles of Soaking in the Silver Oxalate Molecular Ink for 1 minute
and Heating at 150°C for 20 Minutes.

Weight of Weight of
Resistance
Material unmodified thread conductive thread
(Q/cm)
(tex) (tex)

Polyester | 0.24 +0.05 30 87+9

Cotton 0.67 £ 0.15 38 157 +6

Nylon 0.12 £ 0.04 80 137+4

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.
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Claims:

1. A molecular ink comprising: a silver carboxylate; an organic amine compound; an

organic polymer binder; a surface tension modifier; and, a solvent.

2. The ink according to claim 1, wherein the silver carboxylate comprises silver
oxalate.
3. The ink according to claim 1 or 2, wherein the silver carboxylate is present in an

amount of about 10 wt% to about 60 wt%, based on total weight of the ink.

4. The ink according to any one of claims 1 to 3, wherein the organic amine

compound comprises amino-2-propanol.

5. The ink according to any one of claims 1 to 4, wherein the organic amine

compound comprises a mixture of amino-2-propanol and 2-amino-1-butanol.

6. The ink according to any one of claims 1 to 5, wherein the organic amine
compound is present in an amount of about 10 wt% to about 75 wt%, based on total
weight of the ink.

7. The ink according to any one of claims 1 to 6, wherein the silver carboxylate and

organic amine compound form a complex or interact in the ink.

8. The ink according to any one of claims 1 to 7, wherein the organic polymer binder
is compatible with the organic amine compound, whereby a mixture of the organic amine

compound in the organic polymer binder does not lead to significant phase separation.

9. The ink according to any one of claims 1 to 8, wherein the organic polymer binder
comprises hydroxyethyl cellulose.

10. The ink according to any one of claims 1 to 9, wherein the organic polymer binder
is present in an amount of about 0.1 wt% to about 5 wt%, based on total weight of the ink.

11. The ink according to any one of claims 1 to 10, wherein the surface tension
modifier comprises glycolic acid or lactic acid.

12. The ink according to any one of claims 1 to 11, wherein the surface tension
modifier is present in an amount of about 0.5 wt% to about 4 wt%, based on total weight
of the ink.
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13. The ink according to any one of claims 1 to 12, wherein the organic amine
compound and organic polymer binder are dispersible in the solvent.

14. The ink according to any one of claims 1 to 13, wherein the solvent comprises
dipropylene glycol methyl ether.

15. The ink according to any one of claims 1 to 14, wherein the solvent is present in
an amount to provide weight balance of the ink.

16. The ink according to any one of claims 1 to 15, further comprising a defoaming

agent.
17. The ink according to claim 16, wherein the defoaming agent comprises glycerol.

18. The ink according to claim 16 or 17, wherein the defoaming agent is present in an
amount of about 0.5 wt% to about 8 wt%, based on total weight of the ink.

19. The ink according to any one of claims 1 to 18, further comprising a thixotropy

modifying agent.

20. The ink according to claim 19, wherein the thixotropy modifying agent comprises a

polyhydroxycarboxylic acid amide.

21. The ink according to claim 19 or 20, wherein the thixotropy modifying agent is
present in an amount of about 0.1 wt% to about 0.5 wt%, based on total weight of the ink.

22. 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 21 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.

283. A process for producing a conductive silver trace on a shaped substrate, the
process comprising:

depositing the molecular ink as defined in any one of claims 1 to 21 on a
shapeable substrate;

drying the ink on the shapeable substrate to form a non-conductive trace
containing the silver carboxylate on the shapeable substrate;

25



10

15

20

25

30

WO 2018/146616 PCT/IB2018/050788

forming the shapeable substrate into a shape to produce a shaped substrate so
that at least a portion of the non-conductive trace is situated on a shaped portion of the
shaped substrate; and,

sintering the shaped substrate to decompose the silver carboxylate to metallic
silver thereby producing a conductive silver trace on at least the shaped portion of the
shaped substrate.

24. A process for producing a conductive silver trace on a shaped substrate, the
process comprising:

depositing the molecular ink as defined in any one of claims 1 to 21 on a
shapeable substrate;

drying and sintering the ink on the shapeable substrate to form a conductive trace

containing silver metal;

forming the shapeable substrate into a shape to produce a shaped substrate so
that at least a portion of the conductive trace is situated on a shaped portion of the
shaped substrate thereby producing a conductive silver trace on at least the shaped
portion of the shaped substrate.

25. The process according to claim 23 or 24, wherein the forming comprises

thermoforming.

26. The process according to any one of claims 22 to 25, wherein the substrate
comprises polyethylene terephthalate (PET), amorphous polyethylene terephthalate
(APET), glycol modified polyethylene terephthalate (PET-G)), polyolefin,
polydimethylsiloxane (PDMS), polystyrene, polycarbonate, polyimide, thermoplastic
polyurethane (TPU) or a silicone membrane.

27. The process according to claim 23 or 24, wherein the shapeable substrate is a
stretchable substrate, and the conductive silver trace on the stretchable substrate
remains conductive when stretched to strains from about 0.1 to at least about 1.2.

28. The process according to any one of claims 22 to 27, wherein the sintering is
performed by photonic sintering.

29. The process according to any one of claims 22 to 27, wherein the sintering is
performed by microwave or near infrared (NIR) methods.
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30. The process according to any one of claims 22 to 27, wherein the sintering is
performed at a temperature in a range of about 80°C to about 140°C.

31. The process according to any one of claims 22 to 30, wherein the sintering is

performed for a time in a range of about 1 minute to 30 minutes.

32. The process according to any one of claims 22 to 31, wherein the depositing

comprises screen printing.

33. A substrate comprising a conductive silver trace produced from an ink as defined
in any one of claims 1 to 21.

34. An electronic device comprising a substrate as defined in claim 33.

35. A process for producing a conductive silver thread/yarn, the process comprising:
soaking a thread/yarn in an ink as defined in any one of claims 1 to 21, removing excess
ink from the coated thread/yarn, and thermally sintering the coated thread/yarn to form
the conductive thread/yarn.

36. A process for producing a conductive silver thread/yarn, the process comprising:
depositing an ink as defined in any one of claims 1 to 21 onto a yarn or thread to form a
non-conductive coated yarn or thread, and sintering the non-conductive yarn/thread to
form the conductive silver thread/yarn.

37. A yarn or thread comprising a conductive silver coat or layer produced from an ink
as defined in any one of claims 1 to 21.

38. An electronic device or garment comprising a yarn or thread as defined in claim
37.
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Substrate: American Polyfilm VLM-4001
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