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The industrial sector of flexible printed electronics has shown a dynamic
growth in the last decades. Therefore, demand for new inks, coatings and
printing methods leading to improved performances of the electronic compo-
nents at room temperature is also increasing. Here, we present a study on the
conductive properties of silver layers obtained by different coating and
printing methods. The results obtained proved that drop-on-demand inkjet
printing of water-based inks containing micron-sized silver flakes with nar-
row-size distribution is a feasible method for in situ fabrication of conductive
silver coatings that does not require additional heat treatment. A rigorous
optimization Taguchi experiment was carried out considering the major pro-
cess parameters. This experiment showed that the printing pressure was the
dominant factor defining the quality of the printed coatings and tracks.

Key words: Coating and printing technologies, inkjet printing, silver flake

ink, conductivity, low temperature, Taguchi optimization

INTRODUCTION

For electronic components, the direct printing of
metals from aqueous solutions or solvent-based inks
is an important technique as it can produce con-
tinuous metallic pattern in a pre-defined manner on
large variety of substrates.! Conductive inks find
applications in the areas of printed and plastic
electronics as conductive connectors in printed (ri-
gid or flexible) circuit boards, flexible aerospace and
automotive components, conductive grids for flexi-
ble displays screens, medical devices and bio-sen-
sors, as well as energy-related components like
electrodes in organic light-emitting diode applica-
tions, photovoltaics, current collectors in flexible
batteries and supercapacitors printed on paper or
nano-cellulose substrates.? These inks have to meet
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Published online: 10 October 2014

strict requirements in terms of performance and
stability, processing temperatures, cost, energy
efficiency, and ease of manufacture.

The metal precursor inks can be composed of
either dissolved organometallic compounds and
polymers or colloidal suspensions of metal micro-
and/or nano-particles suspensions.’ Over the years,
a significant effort has been devoted to the produc-
tion and utilization of silver particles of different
morphologies (e.g., nanoparticles, nanowires, flakes,
etc.) due to their high electrical conductivity, rela-
tively high melting point, resistance to oxidationé
excellent solder qualities, and reasonable price.
Therefore, silver conductive inks are used in plastic
and printed electronics where electronic devices
require multiPle layers of conductive interconnects
or electrodes.”

To obtain the desired patterns, the inks can be
applied on a variety of substrates using different
methods of coating (i.e. the ink layer is transferred
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Fig. 1. Schematic representation of the different techniques used to create layers of conductive inks on paper substrate. (a) Casting—ink drops
attached to the dispensing nozzle are brought into contact with the substrate and transferred due to capillary action. (b) Doctor-blading—an ink
drop is placed on the substrate in front of a blade. By moving the blade small shear fields are applied and the substrate is coated. (c) Flexographic
printing—the ink from a reservoir is transferred to the anilox and then to the plate cylinder (this can be flat or engraved). Then the ink is
impregnated on the paper against the impression cylinder. The amount of ink at the contact point between the plate cylinder and the paper is
exaggerated for illustration purpose. (d) Ink-jet printing—in drop-on-demand (DOD) the ink is released in small quantities from a nozzle at high
speeds. The drops impact with the substrate and/or with the previous deposited droplets leading to the desired coating thickness.

to the substrate by pouring, spraying, casting or
smearing it over the surface) or printing (by which
the layer of ink is transferred from a stamp to a
substrate by a reversmg action).* Coating tech-
niques include spin, spray, curtain, casting, paint-
ing, knife-over-edge coating, doctor blading, etc.,
while printing techniques can be screen, pad, gra-
vure or flexographic. Ink-jet printing is a standalone
technique that could be placed in both categories as
it can apply uniform coatings but also offers the
possibility to reproduce a complex pattern in a one-
step process.* In the areas of flexible and paper
electronics, coating and printing techniques can be
used either individually or combined in order to
reduce the number of processing steps.

In this study, we compare the effect of four
deposition techniques, i.e. casting, doctor-blading,
flexographic and ink-jet printing, on the electric
conductivity of the deposited tracks.

Casting (Fig. 1a) is the simplest experimental
technlque that can be employed for substrates
coating.* No sophisticated equipment is needed but
a good horizontality of the substrate surface is
essential. The ink is simply cast onto the substrate
in the form of isolated drops or liquid portion and
then dried at room or elevated temperature. This
simple procedure allows for thick films with good
quality of the coating to be obtained, but it lacks the
precision of the film thickness control. Also, the
wetting properties of the inks are important as

dewetting can occur during drying leading to inho-
mogeneous coatings.

Doctor-blading (Fig. 1b) allows for the formation
of films with a well-predefined thickness ranging
from 10 ym to 500 ym while the ink loss durm%
coating can be minimized to less than 5 (wt.%).
This technique uses a sharp blade placed at a fixed
distance above the surface of the substrate and it
can be applied for both grooved and flat surfaces.
The ink is placed in front of the blade that is then
moved linearly across the substrate. The thickness
value of the coated layer depends on the meniscus
between the blade and the wet film on the trailing
edge of the blade as this is related to shear field
(proportional to the speed of the blade). Other fac-
tors that can influence the film thickness are the
surface energy of the substrate and/or its porosity,
and also the surface tension and the viscosity of the
ink. The final dry thickness of the film will be pro-
portional to the gap width and the concentratlon of
the solid material present in the solution.* The lin-
ear speed dur1n§ the doctor-blading can vary
between 1 mm s ' and 100 mm s~!, which leads to
relatlvely small shear stress apphed durmg coat-
ing.*5 An alternative to this technique is repre-
sented by bar-coating that has a similar working
principle, but in this case a bar rolls the ink over the
substrate.*®

Flexographic printing (Fig. 1c) has been demon-
strated to be a reliable technique for organic
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Fig. 2. (a) The SEM image of coated proofing paper revealing the microstructure of the paper. (b) Schematic diagram and (c) optical image of the
DOD ink-jet printing head used in this study. The printing head was attached to a Roland plotter DXY 1150 to allow for X—Y movement with a step

resolution of 25 ym.

electronics, and photovoltaic and battery applica-
tions.” Its working principle is based on the transfer
of the desired image using relief plates that impose
a low pressure onto the substrate.”® During the
printing procedure, the ink is transferred from a
reservoir to an anilox (micro-engraved cylinder) by a
doctor blade and then onto a printing plate. The
anilox micro-cells are always filled with a constant
ink volume. The printing plate defines the pattern
information. While the inked pattern is pressed
between the printing plate and printing cylinder
against the substrate, the ink transfer is made by
ink film scission. When a solid pattern is printed, its
thickness depends on the ink volume in the anilox
cells, on the ink-substrate affinity, and on the
number of ink layers.” The roller pressure during
flexographic printing is typically around 100 Pa,
and will depend on parameters such as the nature of
the roller material that will influence its hardness,
the impression distance, the substrate material, the
printing sgeed (e.g., for a hand flexo-proofer this is
~0.1ms ).

Ink-jet printing (Fig. 1d) is a relatively new
technique used in energy and electronics industrial
applications.? In the drop-on-demand mode (DOD),
ink-jet printing has the advantage of delivering
controlled small amounts of ink onto the substrate
creating the desired pattern with minimal ink
waste,”!? and with minimal influence on and with-
out direct contact with the substrate.!' Nowadays,
the majority of commercial inkjet printers are based
on DOD technology utilizing thermal, piezoelectric,
electrostatic or acoustic methods of droplet genera-
tion.'? Alternatively, the electromagnetically actu-
ated print head (see Fig. 2) can be used as a DOD
method in order to minimize ink heating and to
reduce the procedure complexity.'® The nozzle
aperture can be machined to the desired tolerance
whilst exhibiting resistance to wear and corrosion,
but its size is fixed. A constant pressure is provided
by an external air compressor allowing the produc-
tion of drops as a solenoid driven plunger opens
and closes the nozzle orifice. The drop size can be
controlled by varying the opening time and/or the

rheological properties of the ink. The method allows
for the movement of either the nozzle or the sub-
strate. Thus, the relative positions of the print head
and substrate may be adjusted accurately and rap-
idly by using a computer-controlled X-Y stage.

It can be anticipated that, if one particular ink
composition is used, the methods presented in Fig. 1
will lead to different properties of the coatings
deposited onto the substrates as the ink kinetics is
method-dependent. Therefore, finding the differ-
ences that can occur, and determining the technique
that can deliver, a particular set of specifications
(e.g., target conductivity, film thickness, etc.) for a
particular ink composition is important as this will
influence the success and the efficiency of chosen
deposition method. Moreover, all the methods
presented in this paper are used in day-to-day
industrial applications, therefore optimizing
the technique that delivers the required quality of
the ink layer is important from technological
perspectives.

In the present paper, we investigated the effect
of the coating and printing methods presented
above on the microstructure and conductivity of
the resulting silver layers formed on paper sub-
strates. In the experiment, we used a specially
formulated water-based ink with silver micron-
sized flakes of narrow-size distribution in an
attempt to determine the optimum silver printing
process for paper electronics. Commonly used sil-
ver nanoparticles-based inks are not suitable for
this application because they typically require high
temperature treatment to sinter the nanoparticles,
and use solvents that can deform or degrade the
paper substrates.

We show that, for this particular ink composition,
only the ink-jet printed coatings revealed high con-
ductivity after deposition at room temperature with
no further sintering process being required. Using a
Taguchi optimization method, the influence of the
different process parameters, like ink thinning,
pressure, opening time and drop density, on the
conductivity of the ink-jet printed layers were
evaluated and discussed.
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EXPERIMENTAL
Materials

An aqueous-based silver ink formulated by DZP
Technologies, UK, was used for the coating and
printing experiments. The silver content of D38NV
ink was 52 (wt.%) and the ink viscosity was 10 Pa s.
The silver flakes had a narrow size distribution with
10% < 1.1 ym, 50% < 2.1 ym and 90% < 3.9 um.
For some of the printing experiments, the ink was
thinned with deionized water (18 MQ cm) in the
desired ratios (as presented later in the paper).
Rigorous shaking and stirring was performed before
the deposition procedure in order to achieve a
homogenous mixture. In all coating and printing
experiments, KPP/SHC proofing paper sheet from
RK Print Coat Instruments, UK, with a Brunauer—
Emmett-Teller (BET) surface area of 23.5 m? g1,
was used as substrate. The scanning electron
microscopy (SEM) image of this substrate is pre-
sented in Fig. 2a. Thus, the effect of the ink—sub-
strate interactions (e.g., substrate wettability,
porosity) was maintained constant and, therefore,
not discussed in this paper. Thus, the final results
will be influenced only by the method used to deliver
the ink onto the substrate.

Coating and Printing Methods
Implementation

The casting coating method used consisted of
applying a fixed amount (~100 uL) of as-received or
thinned ink onto the paper substrate. The distance
between the dispensing nozzle and the substrate
was minimized until the ink drop was deposited
mainly due to capillary action. The liquid deposition
led to drops of 4-7 mm diameter (Fig. 3a). The
coated surface was then dried at room temperature.
However, even after few days, the core of the coated
layers remained wet.

In the doctor-blading procedure, ink drops with
similar sizes as for casting were used. The drops
were placed between two tape tracks. This simple
configuration allowed for a constant gap between
the blade and the substrate during coating. A sharp
laboratory blade was then moved across the sub-
strate at a constant speed of approximately
0.01 m s~ L. The procedure was then repeated for the
bar coating method, thus mimicking the bar meth-
ods described in Refs. 2 and 6. In the present case, a
cylinder with a non-porous rubber shell and metal
inner core was used. A spongious material was
present between the rubber shell and the metal
core. This method led to similar results as doctor-
blading.

For flexographic printing, only as-received ink
was used. The printing was performed at a speed of
0.1ms' leading to smooth layers, as seen
in Fig. 3c. The films were printed using a hand

el e

Fig. 3. Optical images of (a) a typical ink-drop deposit by casting; (b)
a layer coated using doctor-blading; the speed of the blade was kept
at ~0.01 m s™'; (c) a typical flexographic printed layer; the printing
speed was 0.1 m s~ (d) typical silver tracks obtained using DOD
ink-jet printing; the drop speed varied with the printing parameters
but the typical values were 12 m s .

flexographic proofer with 200 lpi and a Q type cell
(quad anilox engraving) with a volume of 9.0 becm.
In a control experiment, the same flexographic
printing arrangement was used to print silver films
using a commercial flexographic ink containing sil-
ver powders of wide-size particle distribution (ink
F50NV formulated by DZP Technologies) and this
led to a fully conductive film, no sintering process
being required (data not shown).

Ink-jet printing was performed using thinned ink
as the as-received ink was too viscous for direct use
in the ink-jet printing head. The print chamber
(Fig. 2b and c) was emptied and cleaned by purging
with water and isopropyl alcohol before a fresh ink
was used.

The electromagnetically actuated ink-jet system
was controlled by hardware (Macrojet X-Y control-
ler) and software developed within the TEMPRI
project.* This allows for the printing of custom
raster scan patterns. The nozzle aperture was
defined by a ruby orifice of 100 yum in diameter
(Fig. 2b). The jetting pressure was provided by
means of compressed air controlled by a high pre-
cision adjustable regulator (SMC IR3000-04). The
print nozzle was moved over the substrate by a
Rolland X-Y plotter with a step resolution of 25 ym.
For all ink-jet experiments presented in this paper
the printing speed and the inter-drop wait time
were maintained constant, at 100 mm s ! and
250 us, respectively.
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Conductivity Measurements

The patterns resistance was measured using a
Jandel 4 point probe with a Matt TC tip (radius
~100 um, probe spacing ~1 mm). The probes were
placed on each of the lines, the current between the
outer pins was set to I = 100 mA, and the voltage V
across the inner pins was measured. Five values
were measured for each pattern. The resistance (R)
per unit length (!) was calculated using £ =Y. The
resistivity p was calculated by multiplying the
resistance per unit length by the cross-sectional
area A (as determined from the SEM images). The
obtained resistivity values were then used to eval-
uate the conductivity ¢ of the layer since ¢ = %. The
conductivity values were then employed to deter-
mine the signal-to-noise (S/N) ratios and the aver-
age conductivity for each trial in the Taguchi
analysis as described in “The Taguchi Optimization
Method” section. When no conductivity was mea-
sured (i.e. no voltage across the inner pins was
present), the zero values were assigned.

In all cases, the ink layers and tracks were used
“as printed” without any thermal or other type of
post-treatment or sintering.

Image Analysis

The microstructure of the ink layers was
inspected by scanning electron microscopy (SEM)
using a Hitachi S4800 FESEM operating at 5 kV.
Images analysis was performed using the open-
source image processing package FIJI, which is
based on Imaged (National Institutes of Health,
USA). Low magnification top-view SEM images
gave information on the quality of ink-jet printed
layers surface. At larger magnification, the shape
and the 2D projected area of the silver flakes could
be determined. Using this information, the surface
coverage (defined as being the total 2D projected
area of silver divided by the total area of the image)
was evaluated. However, the surface coverage
would reflect only the flakes visibility as these were
found to be oriented predominantly in a horizontal
plane, but in some cases they tended to have a 3D
orientation. The SEM investigation of the layer
cross-section allowed estimating the relative
amount of silver present in the layers as repre-
sented by the filling ratio (defined in a similar
manner as coverage) and also to observe the flakes
vertical distribution and their connectivity. The
layers thickness was also estimated from the SEM
cross-sections.

RESULTS AND DISCUSSION

Casting the silver ink onto the paper substrate led
to the formation of uniform and relatively thick
layers (Fig. 3a) with thicknesses of ~200 ym or
larger. The layers exhibited an inner wet structure
present after days of drying at room temperature as
a result of the substantial thickness that prevented

water removal in the absence of further thermal
treatment. For doctor-blading, similar drops were
first cast on the substrate and then bladed. This led
to uniform coatings (Fig. 3b) of silver ink on the
paper. The doctor-blading experiments were per-
formed for as-received and thinned (in a ratio of 40%
ink and 60% water) inks, resulting into coatings
with thicknesses of 27 ym and 38 um, respectively.
Flexographic printing of the as-received ink led to a
film thickness of 7 um while the ink-jet printing of
the thinned ink (40% ink and 60% water) produced
tracks approximately 19 um thick.

Conductivity measurements were performed on
all the layers. Only the tracks obtained by ink-jet
printing the thinned ink were conductive. No con-
ductivity values were obtained for the 4-point probe
measurements of the other samples.

As different techniques were used, it was
expected that the difference in the conductivity of
the silver layers would be related to the inner
morphology as an effect of the silver flakes connec-
tivity and the formation of conductive percolating
paths.

Microstructure

Both doctor-blading coating (Fig. 4a) and flexo-
graphic printing (Fig. 4b) were revealed to produce
uniform distribution of the flakes within the layer
when as-received ink was used. The flakes visual
distribution does not seem to differ significantly
when the water-thinned ink is coated by doctor-
blading (Fig. 4c). Therefore, in these samples, a
significant number of brighter regions (due to
overcharging with the electron beam) containing
the residual polymer carrier (RC) can be observed in
the SEM images (Fig. 4a and b). These RC regions
kept the flakes apart. Therefore, the flakes could not
form a conductive path. For the layer obtained by
ink-jet printing, however, the top-view SEM images
(Fig. 4d) were dominated by the silver flakes pre-
sence forming a continuous network.

The cross-sections of the layers (Fig. 5) showed
similar distribution of the flakes within the layers.
Thus, after blading (Fig. 5a and ¢) and flexographic
printing (Fig. 5b), the silver flakes remain isolated
by the RC while after ink-jet printing the flakes are
oriented in-plane and compacted (Fig. 5d).

The SEM analysis of the layers (Figs. 4a—c, 5a—c)
suggested that the silver flakes were randomly
distributed within the layer and separated by large
areas of residual carrier regions, but the flakes are
connected locally leading to small isolated clusters
or nests (see Fig. 5). These nests were far apart and
no percolating path that could allow for the electri-
cal conductivity occurrence was formed.

Electrical Conductivity

The electrical conductivity data measured (Fig. 6)
were analyzed in relation with the flakes surface
coverage from the top view images (Fig. 4) and the
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Fig. 4. Top-view SEM images of the silver ink (D38NV) layers using: (a) doctor blading of the as-received ink; (b) flexography of the as-received
ink; (c) doctor blading of a thinned ink (40% ink and 60% water); (d) inkjet printing of a thinned ink (40% ink and 60% water). The printing
parameters were opening time ¢ = 275 us, jetting pressure P, = 0.6 bar, drop density py = 2 drops mm~'. The presence of the residual polymer

carrier (RC) and of the silver (Ag) flakes is indicated by arrows.

filling ratio from the cross-section images (Fig. 5). It
can be observed (Fig. 6) that, for small coverage and
filling ratios (corresponding to isolated nests flakes),
the conductivity was zero, while for enhanced flake
compaction (as reflected by the larger coverage and
filling ratios) the layers became electrically con-
ductive. Only the ink-jet printed coatings were
found to be conductive. The samples coated using
doctor-blading (i.e. samples a and c) have similar
coverage and filing ratio independently of their
thinning. This suggests that the ink-thinning might
play a secondary role in the final morphology.
Although the thinnest layers were obtained by
flexographic printing, the highest compaction of
the flakes was observed for ink-jet printing. The
thinned ink was utilized in ink-jet printing and

doctor-blading experiments. In the latter case, no
significant difference in the flakes distribution
within the layer was observed when compared with
as-received ink experiments (compare Fig. 4a and c
with Fig. 5a and c, respectively). This observation
suggested that the changes in the conductivity
should be related not to the variation of the ink
mass load percentage but to the silver flakes
kinetics during the coating or printing processes.

Ink Flow Dynamics and its Possible Influences
on Conductive Properties of the Layers

The ink dynamics and ink transfer inherent to the
different coating and printing methods are complex
processes that depend on ink properties, e.g., viscosity
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Fig. 5. Cross-section SEM images of the silver ink (D38NV) layers using: (a) doctor blading of the as-received ink; (b) flexography of the
as-received ink; (c) doctor blading of a thinned ink (40% ink and 60% water); (d) inkjet printing of a thinned ink (40% ink and 60% water). The printing
parameters were opening time ¢ = 275 us, P, = 0.6 bar, py = 2 drops mm~'. The presence of the residual polymer carrier (RC) and of the silver
(Ag) flakes is indicated by arrows. The dotted lines show layers with a thickness of (a) 27 um, (b) 7 um, (c) 38 um and (d) 19 um, respectively.

and surface tension (both parameters also being
directly related to the solid content of the ink), on
the paper properties (roughness or porosity) and on
the paper—ink interactions. Due to the complexity of
the processes involved, it is not a trivial task to
determine the individual influence of each parame-
ter as, most of the time, they are interrelated. Here,
for all methods the same ink (or its thinned vari-
ants) and the same paper substrate were used, the
importance of these factors becomes secondary to
the influence exerted by the coating and printing
methods. Significant efforts have been made in the
last decades to model the different type of ink flows,
and it is beyond the scope of this paper to give a
complete fluid dynamics description of the ink-flow
for the different methods employed. Therefore, in

this paper, we will limit the discussions just to the
description of the main kinetic factors that could
lead to the observed changes in the conductivity of
the silver layers.

The paper—ink interaction depends on the coating
and printing method used. Nevertheless, this
interaction could be divided into three common
stages. In the first stage, the ink makes contact with
the substrate and the liquid carrier starts to be
absorbed by the paper. In the second stage, the
flakes tend to agglomerate and a partially dried film
forms. As the flakes aggregate, they also start to
reach the paper and block the pores. Consequently,
the residual liquid carrier will be trapped within the
deposited layer. In the third stage, a consolidation of
the dried film occurs. At this stage, the liquid carrier
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Fig. 6. The conductivity of the different layers as function of the
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described by the SEM images from Figs. 4 and 5.

loss can happen only through evaporation as the
permeation through the paper pores is obstructed.
The in-plane motion of particles is expected to be
small under typical drying conditions, while the
motion of the particles into the paper pores is pre-
vented by a bridging mechanism.'®'® For inks with
a relative high initial volume fraction flakes (as that
used in this study with the exception of thinned ink-
jet ink variants), the pores can be blocked by a
group of particles trying to enter the pore simulta-
neously. Usually the pores are blocked almost
immediately. This blocking mechanism provides an
explanation for the wet core of the casted layers
persisting days after coating as well as for the pre-
sence of the RC in the layers deposited by doctor-
blading or flexographic printing. The duration of
each stage will depend on the ink properties, e.g.,
the initial solid volume of the ink, and also on the
capillary-driven process taking place during the
coating and printing.

A simple Bosanquet model can be applied for
studying this capillary-driven process.!” Thus, pro-
vided that the Poisseuille’s law applies, the effects of
the force due to momentum exchange of ink fluid in
a capillary tube and the circumstances under which
these effects become negligible can be investigated.
In its mathematical form, the Bosanquet model can
be written as:

d 9 dx dx 9
! ( RZpnx a) + 8m1xa = P.nR; + 2nR.y cos 0,
(1)

where R, is the capillary tube radius, p., is the mass
density, x the length of the fluid column, # the vis-
cosity of the liquid, y the liquid surface tension, and
0 the contact angle. The first term on the left-hand

(a) Casting coating (b) Doctor — blading coating
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Fig. 7. Schematic representation for flow and pressure profile during
the different methods used for coating and printing. (a) Casting
coating—the ink flow is dominated by the capillary forces as the
external pressure P, = 0; (b) Doctor-blading coating—the ink flow
and pressure profile during blading; the arrows indicate the typical
mass flow lines during the coating;'®2° (c) Flexographic print-
ing—the printing nip and the pressure pulse; the arrow indicates the
rotation direction of the nip during printing;'” (d) Ink-jet printing—the
droplet shape and diameter changes during the impact with the
substrate.?? For all schematics, the ink absorption into the paper
substrate is represented for illustration purpose only.

side accounts for the force due to the momentum
exchange of the liquid in a capillary tube (here
represented by the paper pore), and the second term
is the viscosity drag of the liquid. On the right-hand
side, the first term corresponds to the external
pressure P, while the second term corresponds to
the capillary force. Thus, it can be observed that a
significant increase in the external pressure can
determine the capillary forces to become inappre-
ciable.

In the casting procedure, no external pressure is
applied (P, = 0) and, therefore, the entire flow is
driven only by the capillary forces (Fig. 7a). There-
fore, compaction of the flakes is minimal and the
thick layers deposited are not conductive. Moreover,
the liquid carrier is not fully absorbed as the pores
will be blocked by the flake nests, maintaining the
inner core of the coating wet after long periods of
time.

During doctor-blading, the liquid flows in the gap
between the blade and the substrate (Fig. 7b). As
liquid is dragged by the wedge, an adverse pressure
gradient is formed, which opposes the drag flow.
Therefore, the blade removes the excess of coating
and acts as self-metering smoothing system.'® The
pressure distribution under the blade was found to
be strongly dependent on the blade operating angle,
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and whether or not the blade is stiff or whether the
blade erosion takes place.'®? As the coating speed
used was small (~0.01 m s~ 1), the expected values
for the pressure would be small. When blading is
applied to liquid dispersions containing particles
such as the present ink, structures of the particles
can form in the shear fields. The size of these
structures varies with the shear fields, and they can
even span the gap between the paper and the
blade.?’ However, these large bridging structures

were not observed, confirming the existence of small
shear fields.

100 3 E

10 .

Pressure (MPa)

0 100 200 300 400 500 600
Contact Diameter (um)

Fig. 8. The impact pressure decreases as the droplet reaches the
maximum spreading and its final diameter.

In flexographic printing, the external pressure P,
is due to the printing nip and it varies with the
pulse, vanishing when the pulse finishes.!” In the
present paper, a hand flexographic proofer was used
where no impression cylinder is present. The roller
pressure during the flexographic printing is typi-
cally below 100 Pa, and will depend on a range of
parameters such as the nature of the roller mate-
rial, the impression distance, the substrate mate-
rial, the printing speed, etc. The dynamic nip
pressure (see Fig. 7c) used in the present case is
estimated to be about 0.1-0.2 MPa. This larger
pressure can then account for the thinner films seen
after flexographic printing. The pressure profile
(Fig. 7b) for the blading® is similar to that for the
flexographic printing (see Fig. 7c) leading to similar
morphologies (compare Fig. 4a and b).

In ink-jet printing, after the contact with the sub-
strate, the drop starts to spread as the inertia of the
droplet causes a forced wetting. Upon contact with
the substrate, the droplet starts to deform and the
liquid is pushed radially outwards from the initial
contact point. During spreading, the velocity normal
to the surface will decrease from the initial impact
velocity to zero as spreading finishes. This velocity
reduction can lead to changes in droplet dynamics
which is governed by the balance between the surface
energy, the viscous dissipation and the inertia.??

The impact pressure of the inkjet droplets can be
determined using the mass, the initial velocity and
contact diameter of the droplet. The mass, the
diameter and the velocity of droplet can be esti-
mated from previous drop-watcher experi-
ments, 132324 while the diameter of the droplet

Table I. Chosen factors and levels for the ink-jet printing experiments

Water/ink ratio (v/v)

Pressure (bar)

Opening time (us) Drop density (drops/mm)

Level Factor A Factor B Factor C Factor D
1 0.4 0.45 255 2
2 0.5 0.5 275 2.2
3 0.6 0.6 300 2.5
Table II. Ly(3*) orthogonal array (9 runs and 4 factors)

Levels
Exercise Factor A Factor B Factor C Factor D
1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 2 1 2 3
5 2 2 3 1
6 2 3 1 2
7 3 1 3 2
8 3 2 1 3
9 3 3 2 1
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Table III. Taguchi inner arrays of: (a) conductivity; (b) filling ratio; (c) surface coverage; and (d) layer
thickness

(a) Conductivity

Water/ink Drop density

ratio (v/v) Pressure (bar) Opening time (us) (drop/mm) Conductivity
Exercise Factor A Factor B Factor C Factor D (S/m) x10° S/N ratio
1 0.4 0.45 255 2 0.00041 45.80
2 0.4 0.5 275 2.2 1.38 116.86
3 0.4 0.6 300 25 2.25 121.15
4 0.5 0.45 275 2.5 1.91 119.83
5 0.5 0.5 300 2 2.09 117.66
6 0.5 0.6 255 2.2 1.53 114.70
7 0.6 0.45 300 2.2 0.046 87.48
8 0.6 0.5 255 25 2.47 121.91
9 0.6 0.6 275 2 4.86 127.75

(b) Filling ratio

Water/ink Drop density

ratio (v/v) Pressure (bar) Opening time (us) (drop/mm)
Exercise Factor A Factor B Factor C Factor D Filling ratio S/N ratio
1 0.4 0.45 255 2 0.46 —6.82
2 0.4 05 275 2.2 0.76 ~2.35
3 0.4 0.6 300 2.5 0.70 ~3.09
4 0.5 0.45 275 2.5 0.65 ~3.78
5 0.5 0.5 300 2 0.71 -3.03
6 0.5 0.6 255 2.2 0.67 _3.45
7 0.6 0.45 300 2.2 0.64 ~3.94
8 0.6 05 255 25 0.58 481
9 0.6 0.6 275 2 0.71 —-3.04

(c¢) Surface coverage

Water/ink Drop

ratio (v/v) Pressure (bar) Opening time (us) density (drop/mm) Surface
Exercise Factor A Factor B Factor C Factor D coverage S/N ratio
1 0.4 0.45 255 2 0.38 —8.43
2 0.4 0.5 275 2.2 0.45 ~6.94
3 0.4 0.6 300 2.5 0.49 ~6.09
4 0.5 0.45 275 2.5 0.51 —5.82
5 0.5 0.5 300 2 0.72 —2.81
6 0.5 0.6 255 2.2 0.83 —1.57
7 0.6 0.45 300 2.2 0.88 —-1.12
8 0.6 0.5 255 2.5 0.85 —1.42
9 0.6 0.6 275 2 0.63 —-3.97

(d) Layer thickness

Water/ink Drop density

ratio (v/v) Pressure (bar) Opening time (us) (drop/mm)
Exercise Factor A Factor B Factor C Factor D Thickness (upm) S/N ratio
1 0.4 0.45 255 2 314 90.01
2 0.4 0.5 275 2.2 42.8 87.37
3 0.4 0.6 300 2.5 35.5 89.00
4 0.5 0.45 275 2.5 245 92.17
5 0.5 0.5 300 2 24.9 90.92
6 0.5 0.6 255 2.2 28.9 90.71
7 0.6 0.45 300 2.2 30.1 90.42
8 0.6 0.5 255 2.5 24.2 92.27
9 0.6 0.6 275 2 19.7 93.99
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Table IV. Taguchi response tables of the (a) conductivity (LB); (b) filling ratio (LB); (¢) surface coverage (LB);

and (d) layer thickness (SB)

Level Water/ink ratio Pressure Opening time Drop density
(a) Conductivity
1 (low) 94.60 84.37 96.08 97.07
2 (medium) 117.40 118.81 121.48 106.35
3 (high) 112.38 121.20 108.76 120.96
S/N variation (maximum—minimum) 22.80 36.83 25.40 23.89
Ranking 4 1 2 3
(b) Filling ratio
1 (low) —4.09 —4.85 —4.44 —4.30
2 (medium) —3.42 —3.40 —3.06 -3.25
3 (high) -3.93 -3.19 -3.35 —3.89
S/N variation (maximum—minimum) 0.66 1.65 1.38 1.05
Ranking 4 1 2 3
(c) Surface coverage
1 (low) -7.15 -5.12 —4.66 —5.07
2 (medium) —3.40 -3.72 —5.58 -3.21
3 (high) —2.17 —3.88 -3.34 —4.44
S/N variation (maximum—minimum) 4.98 1.40 2.24 1.86
Ranking 1 4 2 3
(d) Layer thickness
1 (low) 88.80 90.87 91.57 91.64
2 (medium) 91.26 90.19 91.18 89.50
3 (high) 92.23 91.24 90.11 91.15
S/N variation (maximum—minimum) 3.43 1.05 1.46 2.14
Ranking 1 4 3 2

relics can be measured from optical micrographs.
This implies that the ink droplet has (& mass m of
~6 ug, an initial velocity Uy = 1 m s~ ! and contact
diameter D impacting with a rigid substrate. The
initial droplet diameter Dy = 200 um represents the
diameter of the droplet in flight. The final diameter
of the droplet after impact with the substrate Dy is
measured to be approximately 600 um with a film
thickness of 20 um. The pressure is then estimated
by assuming that the deceleration of the droplet on
impact (as reflected by the changes in the droplet
acceleration a) is the deceleration required to stop
the topmost portion of the droplet as it collapses to
the final film thickness of 20 yum. Assuming a cir-
cular contact area with diameter D, the pressure is
given by P = £ which in this case becomes P= 4’5"
The pressure varies (Fig. 8) from 300 MPa at a
contact diameter of 20 ym to 0.3 MPa at a contact
diameter of 600 um, i.e. the final droplet diameter.
The estimated impact pressures representing the
external pressure term P, are shown in Fig. 8. It is
obvious that, during the most of the drop-spreading
time, the pressures are significantly higher than the
ones applied for any of the other techniques. Thus,
we can speculate that ink-jet printing of the as-de-
scribed silver ink leads to highest compaction of the
silver flakes (see Fig. 5). Thus, the significant shear
forces experienced by the elongated flakes tend to
their in-plane orientation and to compact them. The
result is the appearance of percolation paths con-
sisting of silver-flakes nests and, consequently, the

increase in the conductivity without any additional
sintering.

The Taguchi Optimization Method

To understand the influence of the process parame-
ters on the formation of conductive layers when using
inkjet printing, an optimization by the Taguchi method
was performed. The ability of the Taguchi technique to
determine the optimal parameters to achieve a desired
characteristic has been proved in the past, especially
when the final result was determined by unrelated
parameters.'® Therefore, the method is well suited for
analyzing complex sets of process parameters such as
those in the ink-jet printing process.

In the present case, the quality of inkjet-printed
silver layers will be influenced by factors such as the
proportion of water added to the ink defined by the
water/ink ratio, the opening time of the nozzle, the
jetting pressure and the spacing between ink drop-
lets as reflected by the drop density (i.e. the number
of drops per mm). For each of these four control
factors, three levels are chosen as shown in Table 1.
The levels were chosen to ensure the ink printabil-
ity. For example, a significant thinning of the ink
was not feasible as the high water content tended to
deform the paper due to water absorption. An Lg(3*)
orthogonal array is employed to study the
system response to the control factors. This results
in a series of nine experiments as tabulated in
Table II.
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Fig. 9. The effect of: (a) pressure; (b) opening time; (c) drop density; (d) water/ink ratio on the conductivity, filling ratio, surface coverage and

layer thickness for the silver tracks printed using ink-jet printing.

The effect of each experimental factor on the
conductivity, filling ratio, surface coverage and the
thickness of the printed layers is examined by cal-
culating an appropriate signal-to-noise ratio S/N
that is defined as the ratio of the signal power (the
mean) to noise power corrupting the signal (the
standard deviation).'® In this work, we are looking
to optimize the process to provide highest conduc-
tivity (as a function of filling ratios and surface
coverage) and thinner layers. Therefore, the larger-
the-better ratio (LB) and smaller-the-better (SB)
ratio, respectively, are used. These are defined as:

S/Ny, = —101log (i > 12> (LB), 2)

i=1v1

S/Ng = —101log (iz y?> (SB). 3)
=1

To optimize a process using the Taguchi method,
one attempts to maximize the appropriate signal-to-
noise ratio as defined above. Control factors which
have the greatest impact on the S/N ratio can be
considered to be the most important. The average S/
N ratio for each control factor and level can be cal-
culated to examine how the S/N ratio varies.'’

As used, the Taguchi approach allowed us to
determine and optimize the contribution of water/
ink ratio, the opening time of the nozzle, the jetting
pressure and the spacing between ink droplets as
reflected by the drop density. The inner array and
the response of the conductivity used in the Taguchi
approach are presented in Tables IIT and IV,
respectively. Analyzing the data in Table Illa—c,
one can conclude that a linear dependence between
the measured conductivity and the estimated filling
ratios and surface coverage cannot be established.
The results in Table IV suggest that the least
influential factor for the conductivity is the ink
thinning (as reflected by the water/ink ratio), while
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Table V. Summary of the response table for each parameter

Water/ink ratio

Conductivity (LB)
Filling ratio (LB)
Coverage (LB)
Thickness (SB)

=

Pressure

QU QI

Opening time Drop density
2 3
2 3
2 3
3 2

The conductivity and filling ratio have similar influences suggesting the direct relationship between them.

the strongest influence is exerted by the pressure,
followed at equal distance by the opening time and
drop density.

The increase of the processing pressure led to an
initial increase in S/N ratio followed by saturation
to a level where maximum compactness was already
reached (Fig. 9a). For opening time (Fig. 9b), the
second level seems to be the optimal with a decrease
in the S/N ratio observed afterwards, probably due
to the extended spreading of the resulting bigger
droplets and emerging of secondary factors such as
paper substrate non-uniformities. An increase in
drop density led to the expected linear increase in
the conductivity (Fig. 9¢). One might expect this, as
the higher the density the longer the compaction
pressure within the coalescing drops was sustained
leading to better connectivity between the silver
flakes and, therefore, a higher conductivity. The
data summarized in Tables IVa—-d and V clearly
determines the pressure as the most important
factor for the conductivity and the filling ratio of the
deposited tracks, reflecting the role of the compact-
ing pressure exercised by the landing drops. The
least influential factor was found to be the ink
thinning described by the water/ink ratio (Fig. 9d)
and ranked 4 in Table IVa, b. A similar effect was
observed for the doctor-blading (Figs. 4a, c, 5a, c)
where the surface coverage and filling ratio
remained similar after thinning (Fig. 6). Water/ink
ratio appeared to be the most influential factor for
the surface coverage and the thickness as it was
strongly affecting the ink rheology and conse-
quently the spreading characteristics of the drops.

CONCLUSIONS

In this study, we have demonstrated that con-
ductive silver layers can be successfully deposited
onto paper substrates using ink-jet printing at room
temperature without a further sintering process.
The presented results were obtained using specially
formulated aqueous-based ink containing micron-
sized silver flakes with narrow size distribution.
The results indicate that ink-jet printing is uniquely
positioned among several other printing and coating
methods for the deposition of this type of ink, lead-
ing to the formation of highly conductive percolated
material. It was found that there was no linear
relationship between the measured conductivity

and the estimated filling ratio and surface coverage.
This suggests that the variation of the impact
pressure of the drops resulted in a complex change
of the flakes compaction mechanism. These findings
open interesting avenues for further investigation of
the fluid dynamics associated with ink-jet deposi-
tion technology, in which drops may vary in size
from the pl to the nl range depending on the ink-jet
printing technology used and the requirements for
the ink formulation. Understanding the deposition
mechanisms can accelerate the development of
paper-based electronics.
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