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loading. Determining a relation of resistivity and temperature is advantageous when later implementing

curing regimes for specific substrates, as in Figure 11.
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Figure 9 — Change in resistance of silver conductive tracks on PEN substrate during tensile testing (3).
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Figure 10 — Resistance change of silver conductive tracks on PEN substrate during cyclic loading (3).
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Figure 11 - Resistivity relation to curing temperature of silver conductive tracks (30).

It is interesting to analyze the surface attributes in terms of the surface morphology to relate porosity to
the measured resistivity. Surface roughness of the deposited silver tracks can be analyzed using surface
profilometry. This operates as a means of gauging the efficiency of particle packing within the MOD inks
after being cured. Non-uniform curing may cause for particles on the exterior of the track to
experience annealing more quickly than those particles located towards the center of the deposited ink
(11). Furthermore, this could create regions of porosity and lack of conductivity as aforementioned due

to the lack of percolation between particles.

Measurement of contact angle gives a quantitative means for assessing adhesion between the
Ag ink and the PEN substrate surface. The contact angle of water on this surface can be used to
characterize the substrate in terms of its composition. PEN exhibits a contact angle around 80 degrees
due to the lower proportion of oxygen in its chemical structure (11). It is interesting to analyze the
contact angle of the deposited ink and compare it to that of water. The PEN substrate used has been

designed with an adhesion-promoting acrylate layer which will result in a lower contact angle.
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In all findings, it will be advantageous to perform multiple means of imaging including optical
microscopy and scanning electron microscopy (SEM). These instruments provide information on surface
microstructure and surface topography of the cured tracks. These imaging processes can be used to
analyze tensile testing and response of the conductive tracks to such straining, agglomeration of silver
NPs within the MOD ink, curing of the MOD ink, densification of the silver ink, porosity within the cured

ink, and effects of thermal processing on the polymer substrate.

1.3 Hybrid Organic/Inorganic Flexible Structures

The combination of synthesized conductive components with light-weight flexible substrates
offers immense benefit to previously unattainable applications such as flexible devices. Their benefit to
industry is invaluable considering its direct relation to the roll-to-roll production capability on thin
polymers of desirable mechanical properties such as strain, thermal tolerance, and corrosion resistance
(12) (14) (17) (21) (27) (29) (30) (36) (40) (41). Synthesis of the conductive ink using low cost chemicals
and simplistic formation processes offers attractive decreases in cost and production. Furthermore, this
research leaves room for creativity and additional development. Possible additives/coatings suggest the

possibility for better performance of devices in harsh environments (5) (8) (35).

Current industry competitors are making use of high cost NP powders in conjunction with
organic solvents to formulate conductive inks. Due to the increasing demand for smaller particles in the
nanoscale, agglomeration of the particles due the forces existent between the particles leads to clogging
of dispensing methods such as ink-jet printing. By using an organic formulation, this provides a means
of producing small silver particles resulting in conductivity with an organic structure attached to

eliminate much of the agglomeration due to the small size. This enhances the printing abilities when
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combined with an organic solvent such as xylene. Furthermore, the existence of the organic material
within the matrix of the silver octanoate ink composition allows for relatively easy low temperature

metallization of the ink by means of thermal processing.

This project shows promising possibilities for the implementation of the silver organic
conductive ink onto thermally tolerant flexible substrates such as PEN. Currently other coated
conductive substrates such as indium tin oxide or carbon nanotubes are used (13) (18) (19) (24). This
allows for the creation of relatively transparent substrates because of the ability to deposit the
conductive material in a meshed structure where it is needed without excess. Due to the higher
maximum utilization temperature of the PEN substrate, direct thermal processing using a hotplate can
remove the organic material from the deposited ink and result in the metallization of the silver particles

at relatively low temperatures up to 200°C (5) (10) (20) (35) (42).

This research addresses a couple of the critical areas within production of optical and electronic
components on the large scale such as material reduction and electromechanical functionality.
Currently, the majority of electronic components are comprised of thick, rigid materials offering sturdy
foundations for working components. The heavy nature and lack of flexibility of these materials limits
the variety of possible applications. Furthermore, the cost of production and processing is compiled due

to the high cost of raw materials and extreme processing environments required.

Metal structures applied to the substrate surface offer a means of achieving good conductivity
and flexibility. Silver is a promising candidate for this application because it exhibits the highest
conductivity of all metals. Silver can be deposited as an ink and cured at relatively low temperatures on
a polymer substrate. Also, it offers good adhesion and adequate resistance to corrosion while
demonstrating tolerance of bending which makes it advantageous in applications such as flexible

printable circuitry (FPC). It can also be used in sensors, solar panels, and liquid crystalline displays
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among others. Furthermore, the silver-based ink could be infused with palladium nanoparticles to boost
corrosion resistance. Therefore, the low temperature deposition of conductive silver tracks on thin
polymer substrates is an advantageous incorporation for the area of flexible electronics, flexible optics,
printable circuit boards and sensors. The aim of this project is to fabricate truly flexible platforms that

can be used in numerous optoelectronic applications.

1.3.1 Preliminary Investigation Results

In order to achieve the aforementioned outcome, the silver ink must be properly synthesized.
The ink was made using a precipitated silver octanoate dissolved into a xylene solvent. Formulation of
the silver octanoate was performed using a process similar to the one outlined by Dearden et al and Lee

et al, implementing a silver precursor, as shown in Figure 12 (2) (20).
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Figure 12 — Schematic representation of silver nanoparticle production via the reduction of metallo-organic
precursor such as silver nitrate (2).
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The conductive characteristics of silver conductive tracks by means of the reduction of silver salt
precursors and subsequent synthesis of metallo-organic precursors has been demonstrated to be
advantageous and reproducible (2) (4) (20). When deposited on polyethylene naphthalate (PEN)
substrates, curing of the tracks at relatively low temperatures (100-200 °C) has been accomplished
without detrimental effects to the mechanical behavior of the substrate as shown in Figure 13 with the
existence of no noticeable cracking of the cured surface. Furthermore, cured tracks demonstrated
adequate adhesion to the PEN substrate as assessed by preliminary bend testing when handling
samples. Resistance was monitored during mechanical testing of the tracks. Given track uniformity,

surface analysis using surface profilometry demonstrated resistivities (2) (4) (25) (30), Figure 14.

Figure 13 — Optical microscopy of silver ink on PEN substrate cured at a) 150°C for 70 min. b) 160°C for 60 min. c)
180°C for 40 min. d) 200°C for 20 min.
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Figure 14 - Resistivity trends given curing at temperatures of 160, 170, and 180°C for times ranging 40-80
minutes.

The silver-organic conductive ink showed similarities to more commonly used metal
nanoparticle inks seen in other studies using silver nanoparticle suspensions (2) (4) (20) (28) (29). TEM
analysis of the cured tracks shows a beneficial particle size distribution 20-50 nm. Smaller particle size
suggests lower temperature curing of the ink. At smaller size regimes <5 nm, particles tend to
agglomerate during dispersal (29) (30) (36). Especially with the use of silver nanoparticle inks,
agglomeration of increasingly small particles is of high occurrence. This is observed when using
relatively precise techniques such as ink-jet printing. Within ink-jet printing techniques, nozzle sizes of
smaller diameters are becoming more common. High-rate dispersal of inks in this technique increase
the effect of particle agglomeration due to the quick ejection of the nanoparticle suspension inks usually
by means of the heat created in the nozzle tip. This heating occurrence can be manually implemented
to ensure track uniformity by means of the quicker evaporation of the dispersant, or by consequence of
ohmic heating due to friction of the quick passing particle dispersion against the relatively rough inner

walls of the nozzle head (36).
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2 EXPERIMENTAL METHODS AND MATERIALS

2.1 Silver Ink Synthesis and Formulation

Synthesis of Silver Octanoate Precipitate

Commercially available reagent grade chemicals were purchased for the synthesis of the silver
octanoate precipitate from Sigma-Aldrich (U.S.). The synthesis process involves the combination of
aqueous solutions of silver nitrate in deionized water, sodium hydroxide in deionized water, and
octanoic acid in methanol. All solutions should be magnetically stirred to ensure complete dissolution
prior to introduction into the chemical synthesis process. The ink was prepared beginning with sodium
hydroxide (NaOH) dissolved in distilled water. This was then added to octanoic acid (CgH150,) which had
been dissolved in methanol (CH;0H). Both solutions were then added to a solution of silver nitrate
(AgNO3) which had been dissolved in distilled water. This process formed the desired precipitate silver
octanoate (AgCsH150,). The silver octanoate was collected and washed using water filtration to separate
it from the additional reaction products sodium nitrate and water. Furthermore, the silver octanoate
was cleaned using distilled water and methanol. The final separated precipitate was combined with the

solvent xylene (CgHyo) in adequate amounts to attain complete dissolution [ (20)].
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Silver octanoate

1.55g Octanoic acid 0.43g NaOH 1.83g AgNO; +
+ — + — t - H20
7.35g Methanol 9.25g DI-H;0 9.25g DI-H;0 +
NaNO3

Add NaCH sclution slowly while

stirring. $tir for additional 20 mins. Add silver solution 0.5 drop/sec to

ocfanoic acid/NaOH sclution while
stirring. $tir until complete precipitation.

Figure 15 — Schematic of Method 1 synthesis of silver octanoate precipitate adapted from a similar process used
by Dearden et al (20).

Method 1 follows the schematic in Figure 15 with the addition of the silver nitrate solution last
in the process to initiate the precipitation of the silver octanoate. Method 2 interchanges the order of
introduction of the silver nitrate and sodium hydroxide solutions with the sodium hydroxide solution

being introduced last to initiate the precipitation of the silver octanoate.

Separation and Cleaning of Silver Octanoate Precipitate Powder

The silver octanoate precipitate is washed and separated using excess solution chemicals and
centrifuging. Unwanted products are removed using DuPont Survall RT6000B centrifuge ( at 2000 rpm
for 15 minutes. Silver octanoate precipitate is cleaned using deionized water and methanol following the

below cleaning regime:

Step 1 - Methanol is added twice the volume of the separated precipitate and stirred on

magnetic stirrer for 3 minutes.

Step 2 - The stirred precipitate solution is centrifuged at 2000 rpm for 15 minutes.

Step 3 - The separated “dirty” methanol solution is removed.
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Steps 1-3 of the process are repeated using deionized water. The process should be repeated 3 times
each alternating between methanol and deionized water, being sure that the last cleaning process is

done using deionized water. The clean precipitate is allowed to dry in vacuum.

Figure 16 — DuPont Survall RT6000B refrigerated centrifuge used to clean silver octanoate precipitate.

Ink Formulation with Xylene Solvent

After complete evaporation/drying, the silver octanoate powder is combined with organic
solvent xylene to make silver octanoate ink. To determine the best ink composition, it is necessary to
combine the silver octanoate powder with xylene solvent to achieve dissolution while still affording easy
dispensing using a 30 gauge needle tip without clogging. Silver octanoate powder will be combined in 2
wt% increments of powder to solvent in the range of 4-16 wt%. The silver ink is placed in a 10mL vial
with re-sealable septum and sonicated for 30-60 minutes at room temperature to achieve complete
dissolution. A necessary post-sonication step to test the dispensing ability of the various weight percent
inks for applications is performed in two depositions techniques. The first uses a luer-lock syringe with
30G needle tip to test clogging tendencies involved with possible precise deposition apparatus. The
second uses a spray masking technique which makes use of a spray gun and masked track patterns. Itis
desirable to determine for either deposition technique what weight percent silver octanoate ink offers
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the best results in terms of adhesion, track uniformity, deposition control, and resistivity. The ink
solutions that are dispensed without clogging are then deposited on microscope slides and cured using a

hot plate to observe which solution weight percent offers the lowest preliminary resistance.

2.1.1 Particle Size Analysis

Analysis of the particle size of the silver-organic compound within the solution is performed
using a Hydro 200S Mastersizer 2000 (Malvern Instruments) particle size analyzer. The silver octanoate
precipitate is dispersed in ethanol and sonicated in a sonication reservoir until complete dissolution.

The particle analysis instrument operates with an ethanol dispersant.
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Figure 17 — Particle size distribution of silver octanoate precipitate solution in ethanol showing agglomeration
existing at various sizes.

The sonicated silver octanoate/ethanol solution is dropped using a small pipette into the input chamber.
Results showed a particle agglomeration size distribution of highest volume around 5.5 pum, as seen in

Figure 17.
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2.2 Substrate Cleaning

The PEN substrate was cleaned to remove surface particulates and eliminate any grease or oils
on the surface due to handling of the substrate. The PEN was cleaned with the solvents acetone and

isopropyl alcohol as follows:

Step 1 —Submerge PEN sample in acetone bath with a dunking/swishing motion for approximately 5

seconds. Rinse the substrate with deionized water.

Step 2 — Submerge PEN in isopropyl alcohol bath with a dunking/swishing motion for approximately

5 seconds. Rinse with deionized water.

Step 3 — Dry the PEN sample with clean compressed air in a downward motion so that the liquid is
blow off from the top to the bottom of the sample along the length of the sample with wash liquid

exiting at the bottom of the sample.

Step 4 — Allow the PEN sample to dry completely on a microfiber cloth in a vacuum hood.

Optical microscopy was used to determine the effectiveness of the cleaning process in removing debris
from the substrate surface by analyzing substrate samples before and after cleaning, as seen in Error!
Reference source not found. and Error! Reference source not found.. Adequate collection of surface
debris after submersion in the solvent bath can be seen in the localized droplets shown in Error!
Reference source not found.. After submersion in the solvents acetone and isopropyl alcohol, rinsing
with deionized water, and drying with clean compressed air, a clean substrate is prepared for ink

deposition as shown in Error! Reference source not found. having little to no existent surface debris.
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Figure 18 — Optical microscopy of B) dirty PEN substrate after submersion in solvent showing adequate
collection of surface debris into localized droplets prior to rinsing with deionized water. A) Solvent droplet
showing collection of surface debris. Cleaning process involved using multiple submersion steps with isopropyl
alcohol and acetone solvents, then rinsing with deionized water.

Figure 19 — PEN sample after cleaning process and drying showing removal of surface debris.
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2.3 Ink Deposition Techniques

The Ag ink was deposited on the PEN substrate using various deposition techniques making sure
to deposit the ink on the side of the PEN that is primed for adhesion. The first method used a luer-lock
syringe with 30G needle tip to simulate ink dispersal implementing a successive drop technique like that
of ink-jet printing. The second method used a spray masking technique which makes use of a spray gun
and masked track patterns. The same masking technique and dimensions were used. For all samples,
the deposited tracks on the PEN substrate were subjected to the same curing regime as above.
Additionally, it was necessary to determine which curing regime point offers the best outcome in terms
of sustaining the mechanical characteristics of the PEN substrate. As above, surface profilometry was

used to calculate cross-sectional area and subsequent resistivity.

2.3.1 Free Writing Syringe Deposition

Preliminary trials using the luer-lock syringe and 30G needle tip were conducted manually. This
was done in order to investigate the adhesion and writability of the preliminary ink. It was desirable to
see the ink’s behavior when deposited on both glass and PEN substrates. Free writing lacked
controllability and resulted in inconsistencies when trying to deposit uniform tracks on either substrate

as shown in Figure 20.
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Figure 20 — Free writing syringe deposition lacks controllability when attempting to deposit uniform straight
lines (right). Enhanced image (left) shows also inconsistencies in ink dispersion.

There was a lack of uniformity noticed in track width, height, and along the length. Also, there
was much difficulty in applying consistent dispersal along the length of the track. The beginning and
ending points of the track showed the most inconsistent behavior. This was attributed to the definite
need for a uniform speed of ink deposition both from the needle tip and by the movement of the needle

tip along the substrate.

2.3.2 Masking Syringe Deposition

Due to the aforementioned difficulties noticed when experimenting with the free writing
deposition technique, a masking technique was implemented. Using this technique allowed for the
definition of uniform tracks and patterns. Also, it acted to contain some of the behavior of the ink to
spread when deposited on the substrate. By defining the dimensions of the track pattern, it was then
possible to attain a more uniform track thickness. Incorporating a masking technique did pose some

challenges. Because of the mask being in place, the solids within the ink tended to migrate towards the
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walls of the mask when drying. This caused undesirable track geometries and cross-sectional profiles

such as the one in Figure 21.
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Figure 21 — Cross-sectional profile scan of masked track patterns showing migration of some solids towards walls
of mask during drying. Surface morphology is consistent post-thermal processing.

There was also some difficulty noticed using this technique when depositing the ink. Initially,
the ink was deposited in a manner so as to fill the mask pattern with a constant speed along the length
of the track. This resulted in inconsistent uniformity of deposited solids throughout the track length for
the majority of the time. Again, this was likely contributed to the migration of the solids towards the
walls of the mask and operator error. This resulted in inconsistent profiles and poor resistivity

measurements. This problem was solved by implementing a successive drop technique. This was
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performed by filling the masked track pattern starting from one end of the track and placing successive
drops one at a time while moving along the length of the track. Each droplet was placed with
approximately a quarter of the subsequent drop overlapping the previously deposited drop’s radius.
This filled track was allowed to dry before curing. This was also tried using multiple passes after drying
between applications. This technique exhibited a more uniform track and reproducible outcome closer

to automated printing methods.

Syringe Deposition Challenges and Benefits

Challenges within the free writing technique come by way of a lack of control when dispersing
the ink onto substrate. Much of the inconsistency is noticed at the beginning or end of the track where
it exhibits either a lack of material or overabundance of material. Free writing lacks the control
necessary to make this deposition technique useful in large scale, reproducible applications.

Challenges within masking come via the migration of solids to the outer extents of the track
pattern when drying. This results in a non-uniform track profile. Using the successive drop technique
seems to offer somewhat better results in terms of solid dispersion along the length of the track and
somewhat combats the inconsistent drying occurrence. The masking technique however is beneficial in
providing a defined track pattern to the deposited tracks. This is necessary to make this form of study

applicable in large scale applications requiring precisely reproducible components.
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2.3.3 Spray Masking Deposition

Spray masking was performed to exercise the possibilities of accomplishing more uniformly
deposited tracks. Within the previously discussed masking technique using syringe deposition, a lack of
uniformity was noticed. By utilizing spray masking, the ink can be deposited using air and a spray gun
with directed nozzle. Air pressure can be varied to offer the best deposition of the ink. The air pressure
is critical to allow for reliable deposition along the length of the track. Also, it is desirable to use an air
pressure that offers controllability of the ink flow onto the masked substrate. The same air pressure
should provide a means of delivering adequate solids from the ink to the substrate while offering more
readily evaporation of the xylene solvent used. This acts to eliminate the migration of the solids to the
walls of the masked tracks during drying observed within the masking technique using syringe

deposition.

Spray Masking Apparatus

The spray gun used is a commercially available Badger Crescendo 175 Air-brush (Badger Air-
Brush Company). It comes with various sized nozzles of which the smallest, most direct and precise
opening was used in the spraying of the masked tracks. This offered the most precision and
controllability when spraying the ink. Also, it served as means to conserve the loss of excess ink
deposited on the exterior of the masked patterns which is ultimately lost after removal of the mask.

The Ag ink was prepared for spraying in commercially available 10mL glass vials with resealable
PTFE/silicon septum tops (Microliter Analytical Supplies Inc.). The vials were capped with a septum to
allow for a tight seal when combined with the spray gun base. Flexible tubing was attached to the stock

plastic tubing of the spray gun to allow for the use of the vial and promote upright spraying.

36



Spray Masking Parameters and Environment

After performing preliminary spray trials at air pressures in the range 10-40 psi, it was found
that an air pressure of 20 psi resulted in consistent and reproducible sprayed coatings. Additionally, a
spray height was investigated in the range of 5-20 cm with a spray height of approximately 12 cm
producing the most desirable results. For all sprayed samples, the spray gun was operated at air
pressure of 20 psi and a spray height of 12 cm. The spray gun was sprayed in an almost upright manner
with the nozzle and direction of the exiting ink being normal to the masked samples. Each sample was
sprayed in a similar manner. All spraying was performed in a vacuum hood. Each sample was sprayed in
a back-and-forth motion making sure to fill the masked pattern. This was done involving two total
passes along the length of the masked sample length. The sprayed sample was allowed to dry in a
vacuum hood until the masked pattern was white in color. The spraying process was performed 4-5
times. After the final spraying, the masked pattern was allowed to dry 3-5 minutes before removing the

mask.

Spray Masking Surface Morphology

Spray masking resulted in a more uniform track profile as seen in Figure 22. In comparison to
track profiles resultant of syringe deposition seen in Figure 21, there is a significant lack of migration of
solids noticed at the extremities of the profile scan. Also, there is more well-defined track profile
exhibiting the existence of the majority of solids in the center of the track as desired. This not only
offers more consistent results during electromechanical testing, but also allows for the production more
reproducible samples resulting in the elimination of the need for large quantities of sample to be made

in order to harvest good results.
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