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Abstract

Effect of rheological properties
on the pattern formation in

screen printing process

Kim Jung Wook
School of Chemical and biological engineering
The Graduate School

Seoul National University

Screen printing process is used in various areas in the
production process of printed circuits, thick film integrated
circuits, resistors, capacitors, light—sensitive components and
thermal components. TiO; paste is used to make titanium
dioxide anode which is used in dye sensitized solar cells

(DSSC). The effect of paste composition on the pattern



formation of TiO, electrode was investigated for efficient
control and optimization of the main fabrication step of the
DSSC. In particular, the effect of binder was focused, and the
relationship between the printed patterns and the rheological
properties was investigated. The printed patterns were
observed using a 3—D confocal laser scanning microscopy.
Rheological behavior of the paste was different depending on
the binder concentration. Below critical binder concentration (<
2 wt%), there was a strong shear thinning behavior, which
causes patterns to be spread. On the other hand, above critical
binder concentration (= 2 wt%), though there was a slight
shear thickening at high shear rate, the viscosity at low shear
was much lower and we could obtain clear patterns. Transition
of modulus is found near critical binder concentration. Below
critical binder concentration (< 2 wt%), storage modulus is
higher than loss modulus, on the other hand, above critical
binder concentration (= 2 wt%), storage modulus is lower than

loss modulus which is similar to the tendency of the patterns.

To conclude, by measuring the rheological properties, the

relationship between the component of the paste and the



printed pattern could be found, which may result in a better

design of the paste with enhanced processability.

Keywords: Screen printing, critical point, binder concentration,
particle concentration
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Chapter 1. Introduction

1.1 Screen printing

Screen printing process is used In various areas in the
production process of printed circuits, thick film integrated
circuits, resistors, capacitors, light—sensitive components
and thermal components. Screen printing is used to these
areas due to its cost effectiveness. The resolution of the
printing lines and spaces are related to many factors, such
as the substrate materials performance, the screen
performance, the squeegee speed, the squeegee pressure,
the distance between screen and squeegee, and the paste
rheology and the various parameters of printing process.
The process parameters can be optimized by several trial
and errors, so they are not limiting factors. However, the
paste properties are difficult to control during process,
which results in final productivity. The printing process

1



can be divided into four steps. First the paste undergoes
shear stress by movement of the scrapper and become
viscous liquid, which can be spread to the screen easily.
The viscosity approaches to the minimum value when the
paste passes through the mesh. Then the mesh is
separated from the deposited paste. The modulus
increases rapidly after these processes and restore to

elastic solid again.
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’—S ubstrate

Figure 1 Structure of screen printer




1.2 Paste system

Paste is composed of nanoparticles, polymer binders, solvent,
and other additives. Nanoparticles such as titanium dioxide has
been used as dye sensitized solar cell for fine line printing, and
required particle size for printing is as smaller as possible to
get a thinner film. Polymer binder such as ethyl cellulose (EC)
is preferred binder in screen printing due to its good affinity

with particles and uniform surface properties.

Titanium dioxide paste for inner electrode is composed
of various organic additives such as dispersant, solvent, and
polymer binders. Paste is a system with high concentration of
particles in polymer binder solution, which is required to control
the dispersion and the rheological properties. Paste rheology
strongly affects the processing condition depending on the
factors such as solid contents, particle size and distribution,
component composition, mixing process, and correlates well
with screen printability. In general, the binder plays an
important role in highly filled particle system for dispersion
purpose. When the excess amount of binder is used in the paste

4



system, the final film is formed with lower particle density after
sintering caused by the porosity of binder burnout. When the
amount of binder is not sufficient to disperse the particles, they
tend to aggregate resulting in coarse network structure of the
paste, which may cause crack or separation during or after
drying process. As the role of a binder is important in paste
design, there have been many studies on the kinds of polymer
binders, different solvent condition, and the effect of dispersant.
Polymer binder bridges the particles depending on the affinity

of the binder and the particles.



Figure 2 Micro—structure of paste




1.3 Rheological properties of paste

The wviscosity 1s one the most important rheological
characteristics of the conducting paste. The conducting
paste for screen printing process should show the
pseudoplastic behavior which displays a decreasing
viscosity with an increasing shear rate. However, to be
suitable for screen printing, conducting paste should be
somewhat thixotropic in nature. A thixotropic fluid is one
in which the shear rate/shear stress ratio is nonlinear. As
the shear rate increases, the paste becomes substantially
thinner, causing it to flow more readily. The optimum
operating viscosity of the paste is dependent on the
parameters with the screen printing process. The
variations in squeegee speed, squeegee to screen angle,
squeegee pressure and snap—off distances will affects the
quality of the printed film. If the printed lines have a

tendency to spread on standing, it is likely that the



viscosity of the paste is too low. Chiu, (2003) in his
experiment also noted that the paste viscosity is a
significant factor to control the line width including the

thickness and roughness of the printed pattern.

Rheological properties of paste represent printing
quality because they show information of the flow
behavior of paste and its microstructure. To clarify, by
adjusting the rheology of the paste flow behavior and final
microstructure could be controlled. Quite a few studies
have investigated printing paste, mostly focusing on the
printing process and suggesting equipment improvements.
Only a few authors have seriously investigated the
rheology of solder pastes. Most publications only report
standard rheological test results and try to correlate these
data with printing parameters. No deep investigation was
achieved into the material characterization with
understanding the interaction between components,
viscosity, modulus, thixotropy. The difficulty of predicting

the paste flow behavior is due to lack of knowledge of the

8



microstructure of paste and to the complexity of the
measurements. To analyze the microstructure of materials,
rheological approach is used to confirm dispersion state of

the paste.

In this study, the relationship between printed
pattern and rheological properties were observed, by
changing concentration of particle and concentration of
binder. The effect of polymer binder on the dispersion,

rheology and printed pattern is discussed.
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Chapter 2. Experimental

2.1 Materials

A commercial TiO, powder (CN-—vision, Korea) has mean
particle size 10 nm and specific surface area of 280 m*/g.
Terpineol (Sigma—Aldrich) was used as suspending
medium. Ethyl cellulose (Sigma—Aldrich) having viscosity
100 cP at 5 % in toluene/ethanol 80:20 (lit.) solution was
used as a binder. Paste were prepared by adding 25, 35,
45 wt% solid particles into organic solvent with O, 0.5, 1,
2, 4 wt% polymer binders. The paste in set 1 contain 35
wt% of polymers and set 2 and 3 contain 25 and 45 wt%
of polymers. The information of paste composition is

summarized at Fig 4.

11



Ethyl cellulose Terpinecl

Ethyl cellulose Terpineol

Ethyl cellulose Terpineol

Role
Paste 11 45wt Jowi%
Paste 12 45wi% 34 5wt
Paste 13 45wt% 34wt
Paste 14 45wi% 33wi%
Paste 15 45wt Jiwt%
Figure 4 Composition of screen printing paste
12
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2.2 Characterization

2.2.1 Screen printing

The screen printer was equipped and printing was
performed at 300mm/s of printing speed with equipped

mesh. The gap between mesh and substrate is 1 g m.

2.2.2 Confocal laser scanning microscopy

Printing results were examined by confocal laser scanning
microscopy (OLS3000, LEXT) with semiconductor laser
(A=408*5nm=*) after drying. A scanning type laser
microscope scans in x—y direction. Moreover confocal
optics can recognize surface in z—direction by laser that

comes from place other than focusing position. Printing

13



surface 1s observed 3—dimensionally by confocal laser

scanning microscopy.

2.2.3 Rheometry

Rheological measurement were performed on controlled
stress type rheometer (AR—G2, TA Instrument) at room
temperature (25 C). Parallel plate geometry was used to
measure 25 wt%, 35 wt% TiO. paste and gap size was
Imm. And concentric cylinder geometry was used to
measure 45 wt% TiO, paste and gap size was 5920 ¢ m.
Concentric cylinder geometry was used at 45 wt% TiO,
paste because edge fracture was found at high binder

concentration.

2.2.4 Quantification of printed pattern

14



Quantification factor (F) was defined as area of the
printed pattern over area of mesh pattern. If F is closer to

1, patterns are well printed.

15
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_ area of the printed pattern
~ area of the mesh pattern

TiO, concentration . ¥
[ EC concentration 24 wtts /2 Wt

Pattern shape

F 1.50 1.07

Figure 5 Quantification factor of screen printed pattern
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Chapter 3. Results and Discussion

3.1 Printing surface

3.1.1 Macro—pattern

Before analyzing the results of confocal microscopy, we
need to confirm the macro—pattern because its overall
tendency can be seen visually. Fig 6 shows how pattern is

spread after screen printing.

3.2 Effect of particle concentration on printed

pattern

17



3.2.1 Macro—pattern

The effect of particle concentration on printed pattern can
be seen by observing macro—pattern. By increasing the
concentration of particle, F (quantification factor)

decreases which means patterns are less spread.

3.2.2 Rate sweep test

The viscosity was measured in descending order with
sufficient equilibrium delays to reach steady state. Printed
patterns are compared with same concentration of binder
(2 wt%). If the particle concentration lower than 35 wt%,
sufficient viscosity level is not obtained. Due to lower
viscosity, quantification factor (F) is far from 1, which

means patterns are not clearly printed.

18



35 wt%

TiO, concentration

Pattern shape

150.3% 128.2% 107.2 %

Figure 6 Effect of particle concentration on screen printed
pattern
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Rate sweep [particle]

= TiO2 24wt% EC 2wt%
i A  TiO2 30wt% EC 2wt%
vV oy v TiO2 35wt% EC 2wt%
— 101 . v v
P - v vy
© B v, v v
nn_'n i v v v v
v
.‘E‘ B vy v
g |, :
o “a A A, v
2 N [} m A
> 100 _—. " a A m 4
C | N - A
= ] A A A
L [ ] A 44, [ ]
: L™ o ]
III 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII
102 10 100 101 102

Shear rate [1/s]

Figure 7 Effect of particle concentration on viscosity
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3.2.3 Frequency sweep test

Modulus level differs from 35 wt% and under 35 wt%. But
no significant change was found by changing concentration

of particle.

3.3 Effect of binder concentration on printed

pattern

3.3.1 Macro—pattern

The effect of binder concentration on printed pattern can
be seen by observing macro—pattern. By increasing the
concentration of binder, F (quantification factor)

decreases which means patterns are less spread. Dramatic

change in printed pattern shows transition between 1 wt%

21



Frequency sweep [binder]
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Figure 8 Effect of particle concentration on modulus
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and 2 wt% of binder concentration.

3.3.2 Rate sweep test

The viscosity was measured in descending order with
sufficient equilibrium delays to reach steady state. Printed
patterns are compared with same concentration of particle
(35 wt%). Concentration of binder under 2 wt% shows
shear thinning behavior, however, concentration over 2 wt%

shows shear thickening behavior at low shear.

Fig 11 shows viscosity at shear rate= 0.1s™!' by
changing concentration of binder. Dramatic change in
viscosity shows transition between 1 wt% and 2 wt% of

binder concentration.

23



EC concentration

Pattern shape

1.07 1.00

Figure 9 Effect of binder concentration on screen printed
pattern
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Viscosity [shear rate=0.1 5]
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Binder Concentration [wt %]

Figure 11 Viscosity at shear rate= 0.1s! by changing
concentration and printed pattern
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3.3.3 Frequency sweep test

Modulus level differs from over 2 wt% and under 2 wt%. If
the concentration of binder is under 2 wt%, storage
modulus 1s higher than loss modulus. However, binder
concentration over 2 wt%, loss modulus is higher than

storage modulus.

Fig 13 shows modulus at frequency= 1 rad/s by
changing concentration of binder. Dramatic change in
modulus shows transition between 1 wt% and 2 wt% of
binder concentration. Therefore critical point exist
between 1 wt% and 2 wt% of binder concentration at
concentration of particle 35 wt%. The rheological
properties such as viscosity and modulus and printed
pattern shows same tendency. We will focus on
investigating the effect of binder and particle among
various factors in order to know what effect printing

qualities.
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Frequency sweep [binder]
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Figure 12 Effect of binder concentration on modulus
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frequency=1rad/s

—. [G']
—o— [G"]

1 2 3 4 5
Binder Concentration [wt %]

=

Figure 13 Modulus at frequency= 1 rad/s by changing
concentration of binder
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3.4 Effect of particle & binder concentration on

printed pattern

In order to investigate the effect of particle and binder,
changing the concentration of particle and binder is
needed. So same investigation on particle 25 wt% and 45

wt% were observed.

3.4.1 Effect of binder concentration at particle

concentration 25 wt%

At concentration of particle 25 wt%, F (quantification
factor) decreases which means patterns are less spread.
The viscosity was measured in descending order with
sufficient equilibrium delays to reach steady state which is
same condition with concentration of particle 35 wt%.

Printed patterns are compared with same concentration of

30



(a)

Rate sweep [binder]
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(b)
EC concentration owt% 0.5Wt% 1wt% 2wt% 4wt%
Pattern shape
F 2.14 2.13 2.12 1.50 147

Figure 14 Effect of binder concentration on (a) viscosity
(b) printed pattern at particle concentration 25 wt%
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particle (25 wt%). Concentration of binder under 1 wt%
shows shear thinning behavior, however, concentration
over 1 wt% shows shear thickening behavior at low shear.
Dramatic change in viscosity shows transition between 0.5

wt% and 1 wt% of binder concentration.

3.4.2 Effect of binder concentration at particle

concentration 45 wt%

At concentration of binder 45 wt%, F (quantification factor)
decreases which means patterns are less spread. Dramatic
change in printed pattern shows transition between 1 wt%
and 2 wt% of binder concentration. The viscosity was
measured in descending order with sufficient equilibrium
delays to reach steady state which is same condition with

concentration of particle 25 wt%. Concentration of binder
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(a)

Rate sweep [binder]
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(b)
EC concentration owt% 0.5wt% 1wt% 2wt% 4wt%
Pattern shape
F 1.40 1.22 1.14 1.00 1.00

Figure 15 Effect of binder concentration on (a) viscosity
(b) printed pattern at particle concentration 45 wt%
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under 2 wt% shows shear thinning behavior, however,
concentration over 2 wt% shows shear thickening

behavior at low shear.

3.4.3 Effect of viscosity on printed pattern

Fig 16 shows viscosity at shear rate= 0.01 s~ by changing
concentration of binder and concentration of particle. To
observe the effect of binder and particle, binder/particle
ratio was considered. If the ratio of binder/particle is over
0.04, patterns were well printed. However, the ratio of
binder/particle is under 0.028, patterns were not well
printed. Also, if viscosity at shear rate= 0.01 s 'is over
10 pa—s, patterns were well printed. But, viscosity at
shear rate= 0.01 s lis under 10 pa—s, patterns were not
well printed. Therefore, transition exist between
binder/particle 0.028 and 0.04, certain amount of binder is

needed to acquire well dispersed paste. Moreover,
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Viscosity [shear rate=0.01 s'1]
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g —— 45 wit%
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Binder/ Particle

Figure 16 Effect of binder and particle ratio to viscosity
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viscosity at low shear rate has to be considered to acquire

clear pattern.

3.4.4 Effect of modulus on printed pattern

Fig 19 shows storage modulus and loss modulus at
frequency = 1 rad/s by changing concentration of binder
and concentration of particle. To observe the effect of
binder and particle, tangent delta has been considered. If
the ratio of binder/particle is over 0.04, patterns were
well printed. However, the ratio of binder/particle is under
0.028, patterns were not well printed. Dramatic change in
tangent delta shows transition between binder/particle
0.028 and 0.04. Same tendency has been observed with

viscosity and tangent delta.
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(a)

Frequency sweep [binder]
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Figure 17 Effect of binder concentration on (a) modulus
(b) printed pattern at particle concentration 45 wt%

37

TRalh e AT



(a)

Frequency sweep [binder]
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Figure 18 Effect of binder concentration on (a) modulus
(b) pattern at binder concentration 45 wt%
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Tangent delta [frequency=1 rad/s]

3.0
—e— 45 wit%
—0— 35 wt%
2.5 —v— 25 wt%
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0.00 0.05 0.10 0.15 0.20
Binder/ Particle

Figure 19 Effect of binder particle ratio to tangent delta
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3.5 Confocal laser scanning microscopy

Optical information of confocal laser scanning microscopy
could confirm configuration of surface profile. 1-D
surface profiler (Alpha step) has a good resolution of 0.1
nm in z—direction and 0.01 g m in x—y direction. The 1—
D profile which is obtained from confocal laser scanning

microscopy is in good agreement with real pattern profile.

3.5.1 Micro—pattern

The width of the micro—patterns are 50 micro meter. The
printing surfaces of the prepared pastes were observed
from 2D—image in which intensity of picture at each point

has a linear relation with the
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(a)

Not well printed pattern (TiO, = 35wt%)

Binder

0 wt%

0.5 wt%

1 wit%

(b)

Well printed pattern (TiO, = 35wt%)

Binder

2 wt%

4 wt%

Figure 20 Effect of binder concentration on (a) not well
printed micro—pattern (b) well printed micro—pattern
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height of surface. At concentration of particle 35 wt%,
binder concentration under 2 wt% shows various behavior,
which means patterns are not uniformly printed. However,
binder concentration over 2 wt% 1s uniformly printed.
Same tendency has been observed with macro—patterns,

viscosity, and modulus.

Length and height of well printed micro—patterns
were quantified by wusing confocal laser scanning
microscopy surface profile method. If the concentration of
particle is 35 wt%, width of binder concentration 4 wt% is
smaller than that of binder concentration 2 wt%, which
means patterns are less spread. Also, height of binder
concentration 4 wt% 1is larger than that of binder

concentration 2 wt%.
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Optimization of well-printed pattern

Better quality!

Height (average) = 1.523 pm
Width (average) = 180 um
Standard deviation = 0.5289

Height (average) = 1.811 pym
Width (average) = 100 pm
Standard deviation = 0.4345

Figure 21 Optimization of well printed pattern
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Chapter 4. Conclusions

Surface of screen printing was quantified, and matched
with rheological properties of screen printing paste.
Investigating macro—pattern is needed to observe the
tendency of micro—pattern easily. Concentration of
particle, concentration of binder and ratio of
binder/particle could be factors of surface quality of
printing. Poor quality of patterns can be observed when
the concentration of binder is under transition point and
low shear viscosity is under critical point. It could be
confirmed by steady state flow sweep and oscillatory
frequency sweep in this system.

From the results, considering low shear viscosity and
binder/particle ratio is needed to obtain uniform printing
surface and it could be confirmed by rheological

properties.
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