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A roll-to-roll (R2R) calendering process was developed and used to improve the conductivity of rotary screen printed
microparticle silver conductors. Two commercial microparticle silver pastes were used. In the calendering process, the
rotary screen printed microparticle silver conductors are compressed under pressure and heat in order to make the porous
microparticle layer denser and flatter. The results show that the resistivity of the rotary screen printed microparticle silver
conductors was dramatically dropped after the R2R calendering process by 29-56 % depending on the silver paste. The
complete drying of the calendered conductor layer decreased the resistivity even further as a result of which the layer resis-
tivity was decreased 74 % from its initial value. The roughness of the silver conductors was also reduced remarkably after
the calendering by 45—72 %. The effect of the R2R calendering process on the printed inductively remote readable capa-
citive moisture sensor based on simple inductor-conductor resonant circuit was also demonstrated. Calendering improved

the Q-factor of the sensor but decreased the resonance frequency.
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1. Introduction

Printed large area electronics has been under very active
research for past 10 years in various fields in passive
(Allen et al., 2011b) — and active electronic (Park et al.,
2012) —, optic (Mikeld and Haatainen, 2012) — and opto-
electronic components including organic photovoltaics
(Sondergaard et al., 2012) and organic light emitting
diodes (Kopola et al., 2009). Despite different printing
processes, vatious other roll-to-roll (R2R) compatible
pre- or post-treatment processes are often required to
achieve the best performance of the printed electronic
components in the R2R manufacturing environment.
This is due to a fact that in order to achieve well print-
able inks they have to include different additives like
functional fillers, binder resins, surfactants, wetting
agents and/or different boiling point solvents. Typically
these additives affect electrical or optoelectronic pro-
perties of the printed component. The additives must
be removed in order to obtain most efficient compo-
nent performance.

Conductors in case of electronic circuits play an impor-
tant role when the performance of the electronic circuit

is considered. Resistive losses should be minimized to
avoid additional power losses in the circuitry. In addi-
tion, physical dimensions and surface properties of
the conductors should be optimized in such a way that
integration of other components and multilayer struc-
tures can be made effectively. Several different pro-
cesses based on thermal annealing (Girotto et al., 2009),
laser sintering (Ko et al.,, 2007), microwave (Perelaer,
de Gans and Schubert, 2006) and electrical sintering
(Allen et al., 2011a) as well as chemical (Magdassi et al.,
2010) and plasma (Reinhold et al., 2009) sintering have
been introduced to reduce the resistivity of the printed
nanoparticle silver conductors. It has to be emphasized
that these sintering processes work with nanoparticle
inks since energy required to sinter nanoparticles is
much less than with microparticle based inks.

Calendering is widely used in the common paper mak-
ing industry to improve the printability of papers by
modifying their surface properties. In calendering, the
paper is run through one or several nips. The applica-
tion of compression and heat makes the paper surface
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denser, smoother, glossier, and flatter. In addition, the
texture of the calendering rolls, roll elasticity, and dwell
time in the nip affect the final surface properties (Ehrola
etal., 1999).

In this paper we introduce a R2R processing tech-
nique — calendering — to reduce the resistivity and sur-
face roughness of rotary screen printed microparticle
silver conductors. This technique has been previously
used to improve the conductivity of printed conductive

2. Materials and processes

Two commercially available microparticle silver pastes,
Asahi LS-411AW and Asahi L.S-415C-M, were rotary
screen printed with a pilot printing machine, shown in
the Figure 1a), onto 125 pum thick and 250 mm wide
OPET Lumirror 40.01 plastic foil by Toray. Both inks
are one-component, polymer type, microparticle sil-
ver pastes whose main difference lies in the viscosity.
The viscosities for LS-411AW and LS-415C-M inks
are 20-30 Pas and 30—40 Pas, respectively. Gallus RVS
cylindrical screen with a mesh count of 275 was used
to print line patterns having different widths and a
inductor-capacitor circuit structure (Figure 2). The inks
were printed at a speed of 1 m/min and dried at 140 °C.
The total dwell time in the ovens was approximately
4 min.

After the printing, the printed conductor layers were
R2R calendered using a thermal nanoimprinting unit
of second pilot printing machine, shown in Figure 1b).
A smooth and blank nickel sleeve with an anti-adhesion
coating was used instead of the imprinting sleeve since
the surface texture of the calendering roller is copied
onto the surface of the printed layer. The calendering
conditions were first optimized with smaller sheets
by using different nip pressures (10-15 bar), process

patterns (Nguyen et al, 2011; Joyce, Fleming and
Prabhakar Pandkar, 2010). Recently also a novel pres-
sure-annealing method for fabricating printed low-
work-function metal patterns and printed metal alloy
patterns was introduced (Yoshida et al., 2011). In addi-
tion, an inductively remote readable capacitive mois-
ture sensor based on a simple inductor-capacitor (LC)
circuit is manufactured utilizing the rotary screen and
R2R calendering processes using real R2R pilot printing
machines.

speeds  (0.5-1 m/min), and cylinder temperatures
(110-130 °C). In otrder to maximize the calendering
effects to the printed layers, merely low process speeds
and high nip pressures and cylinder temperatures
were tested. Finally, the R2R printed LS-411AW and
LLS-415C-M conductors were calendered in a R2R pro-
cess using the optimized conditions.

Due to the fact that the conductor layer drying process
was extremely short, 4 min, the effect of the complete
drying of both printed and calendered layers on the
layer properties was also studied. Some samples were

dried offline in an oven at 150 °C for 30—60 min. As a
result, residual solvents were completely removed.

The printed conductor layers were analysed both before
and after the calendering process. The layer thickness
and roughness was measured using Veeco Wyko white-
light interferometer. In the case of roughness, both R,
(average roughness) and R, (RMS roughness) values
were reported. The ink spreading was measured by
determining the line width after the printing and calen-
dering processes with OGP SmartScope video meas-
urement system and OGP MeasureMind metrology
software.

Figure 1: a) Pilot machine used for rotary screen printing of conductive micro-particle pastes and insulator materials;
b) Pilot machine used for R2R calendering
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Figure 2: Printing layout containing lines with different widths and a 1.C-circuit structure in the middle;

the resistance across the circuit was measured between the shown points

The layer conductance was determined by measuring
the resistance across the antenna (shown in Figure 2
with arrows) and 500 pm wide lines. The volume resis-
tivity (g) of the printed and calendered layers was finally
calculated using Equation 1

0= RIWhH/L [1]

where means of the line width (IV), line length (L), layer
thickness (), and resistance across the line (R) were

Figure 3: Printed moisture sensor with LC-circuit, dielectric, and
wiring layers printed with ROKO printer at a speed of 1 m/min

Moisture sensors design (Hast et al.,, 2012), shown in
Figure 3, was manufactured by screen printing insula-
tor and wiring layers onto the printed LC-circuit. Asahi
CR-18Y2-PI(CK) or Asahi CR-18G-KT1 insulators

were screen printed onto the LC-circuits after which
the wirings were deposited with Asahi 1.S-411AW silver
paste. The two insulating pastes are both two-compo-
nent type and have similar viscosity of 47 Pas in addi-
tion to which their performance was found to be similat,
thus making the LC-circuits comparable. Moisture sen-
sors were rotary screen printed at a speed of 1 m/min
onto un-calendered LC-circuits. The printed layers
were dried at 140 °C and the dwell time in the ovens
was 4 min. The insulator layer was printed using Gallus
EP cylindrical screen with a mesh count of 110. The
insulator layer thickness was 16.1 pm. The wirings were
screen printed with Gallus RVS screen (mesh count
of 275). In the case of calendered LC-circuits, sensors
were printed using a flatbed screen printer and a mesh
count of 325. Two layers of insulator were printed in
order to obtain similar thickness as in the case of rotary
screen printing, After that, the wiring layer was printed.
The insulating layer thickness was 16.6 um. The printed
layers were dried in an oven at 140 °C for 4 min (com-
patable to the R2R process) or at 150 °C for 1 h (com-
plete drying).

The moisture sensor performance was analysed at dry
and moist conditions using a measurement setup shown
in Figure 4a). Both quality factor (Q-factor) and res-
onance frequencies were determined using a digital
oscilloscope measuring LC-circuit’s impulse response
and calculating Fast Fourier Transform (FFT) for the
measured signal. Q-factor is determined as a ratio of the
impulse response resonance frequency (f;) to 3 dB band
width of the impulse response FFT spectrum accord-
ing to Equation 2. Figure 4b) illustrates definition of the
Q-factor in frequency domain.

Q-factor = fo/ fian 2]
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Figure 4: a) Measurement setup for the analysis of the resonance frequencies and Q-values of the printed sensors at moist and dry conditions;

the sensor is separated from the water source by 4 cm thick dry Finnish pine wood; b) Definition of O-factor in frequency domain

3. Results and discussion

3.1 Effect of calendering on the surface properties of
the printed layer

The optimum R2R calendering conditions were first
determined by feeding R2R printed sheets into the pro-
cess. Figure 5 and Figure 6 show the results. Calendering
increases the layer conductivity by making the layer
smoother and denser. As a result, silver particles in
the ink layer are compressed into more intimate con-
tact with each other and the amount and size of empty
spaces in the layer decrease. This allows less resistive
current flow through the layer. The resistance across the
antenna decreases 40-55 % during the calendering and
the amount depends on the calendering conditions and
ink type and printed layer properties.

The increase in the calendering nip pressure has no sig-
nificant effect on the conductivity. This resulted from
the limit of the nip pressure beyond which the ink layer
cannot be compressed anymore. Furthermore, too high

nip pressure can also cause damages to the printed layer
or lead to the ink sticking onto the calendering sleeve.
Therefore, the nip pressure level of 10 bar was chosen
for the R2R calendering experiments.

As the calendering speed decreases from 1 m/min to
0.5 m/min, the dwell time of the ink layer in the nip
under compression increases, thus fortifying the cal-
endering effects to the printed layers. This leads to
smoother, denser, more even, and more conductive lay-
ers. The conductivity of the ink layer increases approx-
imately 5 %.

The increase in the calendering temperature by 10 °C
also improves the layer conductivity by 10 %. The
higher the calendering temperature, the softer and more
casily deformable the ink layer gets. However, if the cal-
endering temperature is increased excessively, binders in
the ink become sticky. This leads to the fouling of the
calendering sleeve and causes damages to the ink layer.
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Figure 5: Antenna resistance changes
(AR(%) = (iRt Rui) of printed Asabi
LS-411AW and LS-415C-M sheets during R2R calendering
using different calendering temperatures, speeds, and pressures

Figure 6: Resistance across the printed 1.C-circuit sheets after
R2R calendering as a function of calendering temperature,
speed, and pressure. Both Asabi 1.S-411AW
and 1.S-415C-M inks are used
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LS-415C-M ink layer does not respond to the calendering
as well as L.S-411AW ink. Un-calendered 1.S-415C-M ink
layers are more conductive than L.S-411AW ink layers but
after calendering L.S-411AW layers become more con-
ductive. For example, calendering at 120 °C increases
the conductivity by 54 % in the case of LS-411AW ink
and only 40 % in the case of LS-415C-M ink.

-411AW - not calendered

L5-411AW - R2R calendered

LS-415C-M - not calendered L5-415C-M - R2R calendered

Figure 7: Effect of the ink type and R2R calendering on the surface
properties of the conductor layer; images are taken with SEM
using a magnification of X300

The R2R calendering experiments were done for both
conductor inks using a calendeting speed of 0.5 m/min
and temperature of 120 °C. In Figure 7, the effect of
the R2R calendering on the layer topography is shown.
The calendering process makes the printed layers sig-
nificantly smoother and more uniform because of the
heat and compression encountered in the nip. The irreg-
ularities of the ink layer surfaces disappear and the ink

After printing LS-411AW ink layers are thicker and
they spread more than LS-415C-M layers due to the
lower viscosity of LS-411AW ink. The lower the vis-
cosity, the more the ink is squeezed through the tiny
holes of the screen, i.e. is transferred onto the substrate.
At the same time, the ink spreading also increases.
LS-415C-M ink produces also smoother layers than
LS-411AW ink.

The thickness, roughness, and ink spreading changes
during calendering are presented in Figure 8a, Figure 8b,
and Table 1, respectively. The R2R calendering
decreases the layer thickness and roughness, and slightly
increases spreading. However, L.S-415C-M ink layers do
not respond to the calendering as well as LS-411AW
ink layers because of the thinner layers and higher sol-
ids content of the ink. The thinner the layer, the less
it can physically be compressed and deformed. In addi-
tion, the higher solids content decreases the amount of
empty space in the ink layer, thus decreasing the layer
response to the calendering.

In calendering, the printed layer is densified since empty
spaces in the printed layer are removed and particles in
the ink layer get into better contact with each other. This
decreases the layer thickness by 21 % and 13 % in the
case of LS-411AW and LS-415C-M inks, respectively.
However, the ink spreading increases only 1-2 % during
the calendering. This is caused by the fact that the ink
layer entering the calendering process is almost dry and
it is only softened in the nip. Therefore, the short dwell
time in the nip is not enough to make the ink flow on
the substrate.

Table 1: Spreading of Asahi LS-411AW and 1.5-415C-M inks
dnring R2R calendering

layer becomes denser, thus making better and more inti- . .
. ; .. Spreading of 500 pm lines (um)
mate particle-to-particle contacts. Initially, 1.S-415C-M Ink
conductor layer is smoother than L.S-411AW conductor Before After
layer but after the calendering process the irregularities 1.S-411AW 36 46
of the layer printed with LS-411AW ink have evened out P 5 g
better. Thus, LS-411AW ink layer is more conformable. - -
2)
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Figure 8: Effect of the calendering on the layer thickness (a) and average layer roughness (b) in the case of Asahi I.S-411AW
and Asabi 1.S-415C-M silver pastes; the effect of the further oven drying on the layer roughness is also presented
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Figure 9: Effect of the calendering and extra oven drying on the I.C-circuit resistance (a) and volume resistivity (b)
in the case of Asahi LS-411AW and Asahi 1.S-415C-M silver pastes

The ink layer roughness decreases 72 % during calen-
dering of LS-411AW ink layers. The smoothness of
LS-415C-M layers increases 45 %. The smooth metal
sleeve surface is copied onto the surface of the printed
layer and the ink layer is compressed, thus removing
the surface irregularities. The extra oven drying step
alone does not affect the layer roughness since only
small amount of residual solvents are removed from
the ink layer and no mechanical action is caused to the
ink layer.

On the other hand, the maximization of the ink layer
drying process is highly important in the formation of
the layer conductivity, as illustrated in Figure 9. Without
calendering, the layer conductivity can be improved
26-36 % by merely drying the printed layers completely.
The complete drying of the calendered layer increases
the conductance by 40—45 %. In the best case scenario,
the optimization of the both calendering and drying
parameters can increase the printed layer conductance
even by up to 74 %.

R2R calendering can improve the surface properties
and conductivity significantly. This typically enhances
also the deposition process and surface properties
of the subsequently deposited layers as well as the
electrical performance of the final devices. Layer
smoothness ensures that subsequent layers are easily
deposited and they have uniform properties whereas
conductivity affects mostly the device performance
by enhancing current flow. The properties of the
printed layers are typically improved by changing the
ink properties and behaviour on the substrate but this
often leads to significant changes in the ink spread-
ing, i.e. the detail rendering. Calendering, for its part,
can improve surface properties of the printed layer
without affecting the ink spreading behaviour. The
response of the ink layer to the calendering action
depends heavily on the ink layer composition. The ink
layer has to contain binders and be compressible to
allow proper calendering effects. However, too thin or

plain metal layers are not necessarily deformable in the
calendering nip. In addition, sintered metal particles
might have lost their compressibility. In addition to the
calendering process, it is highly important to optimize
the drying of the ink layer to maximize its electrical
performance.

3.2 Effect of the calendering on the performance of
the R2R printed moisture sensor

The printed moisture sensors ate sensitive to the
changes in the moisture content, as seen in Figure 10 and
Figure 11. As the moisture content increases, both the
resonance frequency and Q-factor decrease by 7 % and
10 %, respectively. The Q-factor is rather low (4.9-5.6)
when the LC-circuit is not calendered, thus mak-
ing the reading distance small. In this study, the read-
ing distance was 4 cm. Calendering of the LC-circuit
increases the Q-factor by 19 % to 6.0-6.5, thus making
the moisture sensor performance better. However, at
the same time the resonance frequency decreases from
10.24-11.12 MHz to 9.73-10.36 MHz.

— Ory
— Moist
£,=12.0 MHz I |
Fuom®11.1 MHZ |

LA A

Upmi}

1]
Figure 10: Resonance bebaviour of a printed moisture sensor at dry
and moist conditions. LS-411AW was the conductor material and
CR-18Y2-PI(CK) was the dielectric material.

This might cause problems in the reading process of
the sensor since the readers work typically only at a
certain frequency. It was found that the resonance
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frequency can be adjusted by changing the sensor
layout without affecting the Q-factor. The complete
drying of the printed layers improves also the sensor
performance by increasing the Q-factor by 11 % to
6.6-7.3. The resonance frequency increases slightly.

LS-415C-M ink gives poorer moisture sensor petrfor-
mance than L.S-411AW ink when the LC -circuit layers
are calendered. However, when the conductor layers
are completely dried the differences between these two
inks disappear.
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Figure 11: a) Resonance frequencies and Q-factors of the moisture sensors as a function of calendering, long oven drying, and moisture content;
under wet environment, the resonance frequencies and Q-factors are lower; b) Effect of the ink type on the O-factor
of the printed moisture sensors; the LC-circuit layer was calendered in R2R process

4. Conclusions

R2R calendering process for rotary screen printed
microparticle silver conductor layers was developed and
optimized using real R2R pilot printing machines. The
calendering improved the layer smoothness and con-
ductivity significantly by compressing the conductor
layers. Smooth surface of the calendering sleeve ensured
the large smoothening of the printed layer whereas the
compression forced metal particles closer to each other
by densifying the layer. Low calendering speeds and high
calendering temperatures were beneficial for the final

Acknowledgements

properties of the conductor layers. In addition to the cal-
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