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Current solar research focuses on reducing silver consumption in order to enable the large-scale increase in PV
installations needed to address climate change and the growing global energy demand. This study explores how
rheological properties of metallization pastes, such as yield stress, high shear viscosity, slip stress, and slip ve-
locity, affect fine-line screen printing outcomes, including line width, height, uniformity, and interruptions. A
model system based on capillary suspensions using Texanol as bulk liquid and employing four secondary liquids
with varying interfacial tension was developed for systematic paste property variations. The resulting capillary
suspensions exhibited a yield stress and pronounced wall slip below the yield stress, with the slip layer consisting
of the bulk liquid. Particle volume fraction, secondary liquid to particle ratio, and type of secondary liquid were
varied to systematically modify yield stress, high shear viscosity, and slip velocity of the pastes. Printing ex-
periments revealed that higher yield stress reduced spreading but maintained similar paste laydown. High shear
viscosity was identified as critical for controlling paste transfer and achieving narrow line widths. Excessive slip
caused inhomogeneous line morphology and reduced paste transfer, indicating an optimal slip range for high-
quality printing. These findings were applied to develop a metallization paste achieving a 24 pm line width
and 0.48 aspect ratio, achieving an efficiency of 23.53 % for PERC cells with 16 % lower laydown than com-
mercial pastes. This study highlights the importance of yield stress, viscosity, and slip in screen printing, aiding

future paste development to reduce silver consumption in photovoltaics.

1. Introduction

The crystalline silicon solar cell production in 2024 was around 560
GWp [1] with forecasts indicating an increase to 4500 GWp by 2050 [2].
This rapid growth raises concerns regarding the raw material supply,
particularly the availability of silver, since the photovoltaic industry
already consumed 19 % of the global silver supply in 2024 [3]. Conse-
quently, and also given that silver accounts for 10-20 % of the total cell
production cost [4,5], current research is exploring alternative metal-
lization materials, like copper and aluminum. However, these metals
show higher bulk resistivity (pcy = 1.6 % 10® Qm and pal=2.5% 108 Qm)
compared to silver (pag = 1.5x108 Qm) [6]. Furthermore, copper and
aluminum may deteriorate cell efficiency due to undesirable in-
teractions with the crystalline silicon [7,8]. Due to persistent challenges,
which also include long-term stability, this technological approach is
still on the research and development level and almost all industrial cell
production lines still employ silver pastes for frontside metallization.

The current solution to reduce the silver consumption is to decrease
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the finger cross sectional area. For this reason, progressively thinner
fingers are applied to the front side of solar cells using the screen-
printing process [2]. An additional benefit of reduced line width is a
reduction in shading, which in turn increases cell efficiency. Both effects
lead to an increase in rated power per mg of silver used. The reduction in
silver consumption is limited by the increasing finger resistance and
resulting resistive losses with decreasing cross-sectional area. To coun-
teract this, the line height can be increased [5,9-11].

Commercially available silver pastes contain a high mass fraction of
silver particles around 90 wt% (about 48 vol%) and a small fraction of
glass frit particles required to open the passivation layer. The particles
are dispersed in an organic vehicle consisting of solvents, binders and
non-volatile polymeric rheology modifiers, including thixotropic agents
[12-15]. Alternatively, the concept of capillary suspensions can be used
to enable pastes without non-volatile additives whose residual carbon
may deteriorate conductivity in the sintered lines [16]. The paste
composition determines the rheological properties of the metallization
paste, such as viscosity, yield stress and wall slip, which together with
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the printing technology and the parameters of the specific setup, in-
fluences the resulting line morphology. In addition, commercial metal-
lization pastes also typically exhibit viscoelastic properties [17-19].
Thixotropic agents generally infer long relaxation times and a high
elastic modulus, while binders contribute weak viscoelasticity and a
distribution of shorter relaxation times [20]. However, this study fo-
cuses on how yield stress, slip and high shear viscosity affect the
screen-printing behavior of model pastes, and in order to avoid contri-
butions due to viscoelastic phenomena we designed a polymer-free paste
system. Pastes for screen printing commonly show a shear thinning
behavior, i.e. a decrease in viscosity with increasing shear rate,
respectively shear stress [17,21-23]. The pastes also exhibit a yield
stress oy, which denotes the sharp transition from solid-like to liquid-like
behavior as the shear stress is increased [22-24]. At stresses below the
yield stress oy no shear flow occurs but the sample deforms elastically.
However, movement of the paste relative to the surfaces it is in contact
with may occur at stresses below the yield stress oy, this phenomenon is
usually termed wall slip. It must be distinguished between true wall slip
when the fluid loses its adhesion to the wall and apparent wall slip [25],
which is a common phenomenon for highly filled suspensions [26-29]
including metallization pastes [30,31]. The rigid particles suspended in
the paste cannot penetrate the adjacent wall which leads to a particle
depleted layer next to the wall [25]. The thickness of the slip layer is
correlated to the size of the particles, and slip layer height over mean
particle diameter ratios between 0.04 and 0.09 have been reported [28,
32,33]. The viscosity in the slip layer is lower and correspondingly the
shear rate is locally much higher than in the bulk fluid due to the
decreased particle concentration [29,34]. This is approximately referred
to as plug flow, since mass transport is essentially facilitated by the shear
flow in the thin slip layer whereas the rest of the fluid is essentially
undeformed. It is often assumed that the slip layer essentially consists of
the suspensions continuous phase and behaves like a Newtonian fluid
[29] and that the slip layer height is directly proportional to the viscosity
of the liquid in the slip layer and the slip velocity [28]. It was found that
slip sets in at a critical stress o5, hereafter termed slip stress, well below
the yield stress 6y of the paste [26,27,31]. In this stress regime, o;<c <oy,
paste flow can be solely attributed to the apparent wall slip. Wall slip
may also occur at shear stresses above oy. Then shear deformation and
plug flow are superimposed [28,35,36].

The screen-printing process is the most widely used industrial pro-
cess for the metallization of solar cells [2]. During the printing process
the paste is excessively sheared when being transferred through a line
opening to the substrate. The squeegee that presses the paste through the
screen forms a paste roll in front of it. Flow dynamic modeling assuming
Newtonian behavior of the paste indicates that this roll acts as hydro-
dynamic pump which generates the high pressure needed to press the
paste trough the line openings. This pressure build-up depends on the
paste viscosity [37].

Highly filled screen-printing pastes commonly show a shear thinning
behavior and exhibit a yield stress and slip properties. Studies on this
type of paste have shown that the fine-line screen printing process can be
divided into several phases. These are the pre-injection zone, where the
paste is pushed through the screen underneath of the paste roll, the cling
zone, where the screen clings to the substrate after passage of the
squeegee and the snap off, where the screen detaches from the substrate
[20]. When the squeegee presses the screen onto the substrate, the paste
spreads between the screen and the substrate and subsequently retracts
during snap off [20,38]. As confirmed for different types of metallization
pastes, spreading and retraction are the key mechanisms in screen
printing and the final line width is essentially set when the screen de-
taches from the substrate [38]. Depending on printing parameters, this
happens on a time scale between 10 and 100 ms [38], i.e. much faster
than typical flow phenomena, that can be captured using classical
rheological measurements, such as the widely used three interval thix-
otropy tests performed on a rotational rheometer [17]. Nevertheless, an
inverse linear relationship between line width and the product of high
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shear viscosity and yield stress has been proposed [20].

During snap-off, the paste exhibits shear flow if it experiences shear
stresses above the yield stress or slip and, thus, plug flow for shear
stresses between slip and yield stress [31]. The latter can be beneficial to
reduce line interruptions and increase the aspect ratio [30,31]. Using
pastes with slip velocities in the range of 0.25-1.25 mm/s at a shear
stress of 300 Pa it could be shown, that a higher slip velocity results in a
significantly higher paste transfer and increased line height [30]. This
was confirmed by another study employing screens with different sur-
face treatment resulting in different slip [31]. No effect of slip on
printing results was found in another study using pastes with about an
order of magnitude lower slip velocities [24].

In order to further reduce the silver consumption in frontside
metallization of solar cells, a still deeper understanding of the screen-
printing process and how paste flow properties affect the printing re-
sults is mandatory. In particular, the relevance of the pastes’ yield stress
and high shear viscosity should be analyzed. Furthermore, it should be
investigated whether a strong increase in slip velocity offers further
advantages regarding the resulting line morphology. High temperature
metallization pastes are complex, multi-component systems and it is
difficult to vary rheological parameters independently. The aim of this
study is to gain deeper understanding of how paste slip and flow prop-
erties determine screen-printing results using a model system that is as
simple as possible and offers the possibility to study the effects of
different rheological properties on screen printing results indepen-
dently. Therefore, the capillary suspension concept [39] is used to
modify the flow properties of the paste without changing the composi-
tion of the bulk liquid and thus without changing the bulk liquid vis-
cosity or wetting properties. Capillary suspensions are ternary systems
containing particles, a bulk liquid phase and a small fraction (typically
<5 vol%) of a secondary liquid immiscible with the bulk liquid. This
immiscibility induces the formation of a strong, sample-spanning par-
ticle network, macroscopically showing up in a pronounced yield stress.
Capillary suspensions exist either in the pendular state, when the sec-
ondary liquid preferentially wets the particles or in the so-called capil-
lary state, when the secondary fluid does not wet the particles. In both
cases, the capillary force controlling structure formation is controlled by
the interfacial tension between the two included liquids and by the
three-phase contact angle of the secondary liquid on the particle surface.
Network strength and thus yield stress can be adjusted in a wide range
depending not only on fraction, size and shape of the suspended parti-
cles but also on the type and fraction of the secondary liquid [39,40].

This concept was already used to formulate highly conductive
printable silver pastes without non-volatile polymeric additives, which
may disturb the conductivity of the printed structures [16,41]. The
particle network in a capillary suspension rapidly breaks down when the
yield stress is exceeded, and does not affect the flow behavior at high
shear rates typically relevant in coating or printing processes [42]. The
viscosity of the suspension is then controlled solely by the viscosity of
the bulk liquid and the volume fraction of particles [43]. Thus, for a
constant particle volume fraction, the yield stress and slip behavior can
be changed by varying the type and/or amount of secondary liquid
without changing the viscosity or wetting behavior of the paste. By
altering the particle fraction the paste viscosity can be tuned. Although
this has an effect on the yield stress, no effect on slip velocity were
observed within the parameter range studied here. Consequently, the
present study investigates the influence of viscosity and yield stress at
constant slip velocity and the influence of the slip velocity at constant
viscosity on the printing results. Therefore, printing trials are conducted
and the results are discussed in terms of spreading, the occurrence of
interruptions, and the final line morphology, i.e. line height and width.
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2. Material and methods
2.1. Paste preparation

The particle morphology can significantly influence the rheological
properties of suspensions. This has been investigated for three-phase
systems similar to the ones present here using a model system [44].
Here the rheological properties yield stress, slip velocity and high shear
viscosity are varied in a wide range, while keeping paste composition as
simple as possible and focusing on one type of particles, whose
morphology is typical for state-of-the-art high-temperature metalliza-
tion pastes. The particles used are K-7418P silver particle (Metalor
Technologies SA, Switzerland) which exhibit a monodisperse particle
size distribution with a mean particle size around 1.4 pm and a distri-
bution width of 1.0 pm. Fig. 1 shows two representative SEM images of
the K-7418P silver particle.

The bulk liquid consists of Texanol (Sigma-Aldrich, USA) with a
viscosity of 13.8 + 0.05 mPa s. Four proprietary immiscible hydropho-
bic liquids SL1 to SL4 are added as secondary liquids to induce formation
of a capillary suspension. These fluids differ in their interfacial tension
with Texanol and viscosity but otherwise show similar physical
behavior.

The sample preparation method is similar as described in Ref. [16].
The three components, the particles, Texanol and one of the four sec-
ondary liquids, are mixed five times at 2000 rpm for 30 s with a
non-contact planetary centrifugal mixer (SpeedMixer DAC 150.1 FVZ,
Hauschild & Co.KG, Hamm, Germany). Samples were allowed to cool
between mixing runs. A three-role mill (80E, EXAKT Advanced Tech-
nologies GmbH, Norderstedt, Germany) was employed to facilitate
further deagglomeration of silver particles and homogenization of the
paste. The samples were milled three times with gap widths that were
successively reduced from initial 60 and 20 pm to 45 and 15 pm and at
least to 30 and 10 pm. The milling process was conducted at a speed of
70 rpm.

2.2. Methods

2.2.1. Yield stress

For the yield stress measurements, a Physica MCR501 Rheometer
(Anton Paar GmbH, Graz, Austria) equipped with a vane geometry ST10-
4V-8.8 was used. The vane has four blades with 8.8 mm length, and its
diameter is 10 mm. The shear stress is set to zero for 3 min with the vane
submerged in the sample to exclude any potential stress relaxation ef-
fects. Then, the shear stress is increased in 61 logarithmic steps from 1 to
1000 Pa while every step takes 15 s and the deformation is recorded. To
determine the yield stress, the deformation is plotted against the shear
stress, and a tangent is fitted to the linear-elastic range and the flow
region. The intersection of these tangents represents the yield stress
[45]. The temperature was set to 25.00 + 0.05 °C.
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2.2.2. Wall slip measurement

The wall slip measurement protocol is adapted from Refs. [30,45].
For slip stress and slip velocity measurements below the yield stress the
rotational rheometer Haake Mars (Thermo Scientific, Karlsruhe, Ger-
many) equipped with the parallel plate PP20 measuring fixture (radius
R = 10 mm, stainless steel, roughness R, = 2.08 + 0.34 pm). A
custom-made, bottom plate is used so that the paste is held in place and
can only slip on the top plate. The plate-plate distance is set to 2.9 mm.
The shear stress is set to zero for 3 min to exclude any potential relax-
ation effects. The measurement is carried out at 41 stepwise logarith-
mically increasing shear stress values in the range from 10 to 1000 Pa,
each step takes 30 s. The temperature was set to 25.00 + 0.05 °C. The
rotation speed n of the top plate is recorded for each stress and the
circumferential velocity at the plate rim is taken as slip velocity v; =
27Rn [30]. Fig. 2 schematically shows the variation of the slip velocity as
a function of shear stress. Three regimes are observed: in the first regime
slip layer formation takes place and a motion of the upper plate is hardly
detectable, then at a critical stress, termed slip stress o5, a sharp increase
of v, takes place after which the slip velocity increases almost linearly
until the yield stress o, is reached. Finally, for ¢ > o, slip and shear flow
are superimposed and for metallization pastes typically sample spillage
sets in resulting in a strong increase of apparent slip or upper plate ve-
locity. The slip stress o is determined from the intersection of the tan-
gents fitted to the strongly increasing part of the v; vs. o curve at the end
of regime I and to the almost linearly increasing part in regime II, the
so-called slip regime [30,45,46], as depicted in Fig. 1.

The slip velocity often strongly varies with the applied shear stress,
and results for different samples should be compared at a constant shear
stress. Here we have chosen a stress value.

o = 290 Pa, since this value lies in the slip regime of the investigated
samples. The apparent slip layer height h; at the rim of the rheometer
plate in regime II can be calculated from the applied stress ¢ and the
measured velocity vs using [28]:

Vs X My
h— Mouik 1)
o

Where 7, is the viscosity of the liquid in the slip layer and a uniform
shear flow in this narrow layer is assumed. It is further assumed that the
slip layer mainly consists of the bulk fluid [29] and shows Newtonian
behavior for the systems investigated here. The deformation of the paste
underneath the slip layer can be neglected, since ¢ < o).

2.2.3. Capillary rheometry

Since rotational rheometry measurements were constrained due to
slip and sample spillage phenomena, viscosity data at high shear rates
well above the yield stress were obtained using a custom build capillary
rheometer. The piston had a diameter of 8 mm and piston speed was
varied between 0.05 mm/s and 10 mm/s. The resulting pressure drop Ap
was obtained using two pressure transducers (XTME-100-190M 140 bar,
XTM-100-190M 35 bar, Kulite Semiconductor Products, Inc., New

Fig. 1. SEM images of the used K-7418P silver particle with 10.000 (a) and 100.000 (b) magnification.
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Regim II Regim III
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Shear Stress ¢/ Pa

Fig. 2. Schematic representation of the slip velocity v; as a function of applied shear stress o. Three regimes are distinguished. Regime I: slip layer formation, regime
II: slip regime, regime III: paste flow and gap emptying. The intersection of the tangents fitted to the sharp increase of the vs-o curve at the end of regime I (1. Tangent)
and the linear branch in regime II (2. Tangent) is used to determine the slip stress as depicted above. The transition between regime II and III is set by the yield

stress oy.

Jersey, USA) covering the pressure range from 1 to 140 bar. Stainless
steel nozzles with different diameter to length ratios were used and the
Bagley correction was performed to compensate for the pressure drop
contribution due to the inlet and outlet flow effects as described in Refs.
[47,48]. Thus, it was possible to cover the shear rate range from 100 s 1
t0 10.000 s ! and corresponding apparent viscosity data obtained using
nozzles with different diameter, but similar diameter to length ratio
were evaluated with respect to the relevance of slip phenomena.

2.2.4. Printing setup and evaluation

The printing experiments were conducted on a semi-automatic Ekra
E2 screen printing machine (ASYS Automatisierungssysteme GmbH,
Dornstadt, Germany). Proprietary, textured, SiN coated high-
temperature cell printing dummies were used as substrates. The wa-
fers show the typical pyramid texture with a roughness R, value of ~6,9

+ 0,7 pm. The screens were sourced from Frintrup GmbH (Bonn Beuel,

Germany) and utilize a 430-13/17 mesh at an angle of 22.5° with a
nominal line opening of 20 pm. The emulsion over mesh (EOM) layer
thickness was 9 &+ 1 pm. The squeegee used is a diamond squeegee with
a hardness of 75 Shore-A. The printing results were compared and
evaluated at a printing speed of 300 mm/s, a snap-off distance of 1 mm,
and a pressure of 1.5 bar. For the experiments in 3.3 a 480-10/18
knotless screen from Brave C&H Co., Ltd. (Taoyuan City, Taiwan) with
similar EOM thickness was used. Printing in 3.3 was done with a 60° and
75 Shore-A squeegee and a printing speed of 500 mm/s, a snap-off
distance of 1 mm, and a pressure of 2 bar. The morphology of the wet
lines immediately after printing was determined using a laser scanning
microscope VK-X100 (Keyence Deutschland GmbH, Neu-Isenburg, Ger-
many) equipped with a Nikon MUL00201 CF Plan 20x objective (20x
magnification, numerical aperture NA = 0.46, working distance WD =
3.1 mm, Nikon Corporation, Tokyo, Japan). For the evaluation of the
line height and optical line width as well as the spreading distance and
amount of interruptions the software described in Ref. [38] was used.
The code analyzes all 768 pixel lines per image from 3 different
randomly distributed pictures from 3 printed substrates per experiment
(total of 9 pictures resulting in 6.912 analyzed lines). The line height is
defined as the maximum vertical distance of the silver line above the
substrate surface, as determined from the height values of the laser
scanning image. The optical line width is calculated on the basis of the
differentiating grey values between silver and substrate. The maximum
spreading distance during printing is indicated by scattered particles in

the pyramid structure of the substrate in the wetted area left and right of
the line. The software calculates the mean value and standard deviation
of each measured quantity. A pixel line is classified as interruption if no
silver deposit is detected based on the grey values. While the printing
experiments and line evaluation of the wet lines was done in house,
printing and evaluation of the electrical cell properties in 3.3 was done
according to standard procedures on a solar simulator at the project
partners site as described in Ref. [16].

2.2.5. Interfacial tension measurement

The interfacial tension between the bulk liquid (Texanol) and sec-
ondary liquids SL1 to SL4 was measured in accordance with DIN EN ISO
19403-3. A needle with an outer diameter of 1.81 mm was utilized to
form a pendant drop of the liquid SL1 to SL4 in Texanol. The drop
curvature was subsequently analyzed, and the interfacial tension
calculated using the software Drop Shape Analysis (DAS) (KRUSS
GmbH, Germany).

2.2.6. Contact angle measurement

The contact angle was measured based on DIN EN ISO 19403-2. The
silver particles were applied to an adhesive tape and a 3 pl droplet was
placed on the silver particles. The images of the droplets were analyzed
using the Drop Shape Analysis (DAS) program (KRUSS GmbH, Germany)
employing the circle fit method.

3. Results and discussion
3.1. Paste rheology

In the following sections, the yield stress as well as slip velocity and
slip stress are discussed for three series of model pastes. It is important to
note that only one parameter will be varied at once: the particle volume
fraction, the secondary liquid to particle ratio, or the interfacial tension
between the bulk (Texanol) and the secondary liquid. These model
pastes are prepared based on the capillary suspension concept as
described above. The contact angle of Texanol on the used silver parti-
cles is 26 + 2°, whereas all secondary liquids completely wet the par-
ticles. This suggests that the pastes are capillary suspensions in the
pendular state [49].

3.1.1. Particle volume fraction
In this section the effect of particle volume fraction on the yield and
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slip stress is discussed. Pastes were prepared using Texanol as bulk liquid
and SL1 as secondary liquid. Particle volume fraction was varied be-
tween 48 and 54 vol%, while the ratio of secondary liquid and particle
volume fraction ¢, /Pparicie Was held constant at 0.1.

In Fig. 3a and b yield o), and slip stress o, are plotted against particle
volume fraction ¢pqn.- Both quantities increase significantly with
increasing ¢yqpicie- FOr the yield stress this is consistent with earlier work
[40] and reflects the denser network formed with a larger number of
particles. The slip stress has not been investigated before for such sys-
tems, its increase with increasing particle volume fraction indicates that
a higher force is required to form a slip layer, i.e. to displace particles
adjacent to the fixture wall.

Fig. 3c shows the slip velocity vs; determined at a shear stress of 290
Pa as a function of particle volume fraction @pqyc.- The slip velocity
remains constant at 3.5 + 0.2 mm/s in the ¢, Tange investigated
here. In contrast, earlier work [29] reported a decrease in slip layer and
hence slip velocity with increasing particle volume fraction. In this
study, however, the particle volume fraction was varied over a wider
range for a binary suspension. Here, ¢,q.cie Was varied only in a narrow
range, so the geometrical packing constraints close to the wall and hence
the slip layer and slip velocity are similar. Nevertheless, the variation in
capillary force enabled a substantial variation of slip stress and yield
stress.

3.1.2. Secondary liquid fraction variation

In this section the particle volume fraction ¢pq.. is held constant at
48 vol%. While the ratio of secondary liquid to particle volume ¢,/
@particte 18 varied and again SL1 is used as secondary liquid. Fig. 4a shows
the yield stress oy as a function of ¢y, /Ppareicte-

The yield stress increases from 50 Pa without secondary liquid to a
plateau at 400 Pa when ¢,./¢pgrice = 0-1 is reached. The increase in
yield stress by the factor of eight indicates the formation of a strong
particle network controlled by capillary forces [39]. Adding even more
secondary liquid results in a saturation of the pendular bridges between
particles and the network cannot be reinforced further [49]. The slip
stress o, (Fig. 4b) displays the same trend as the yield stress, it increases
with increasing @y /$paricie Until it saturates at ¢g,c /Gparicie = 0-1.

In contrast to slip and yield stress, the slip velocity v (Fig. 4c) does
not plateau but increases linearly from 2.8 to 5.4 mm/s with increasing
bsec/ Ppariicie- The increase in the slip velocity with constant bulk viscosity
NMpuk SUEEeSts an increase in the slip layer height h. A reason for that

Yield Stress oy/ Pa

Slip Stress o,/ Pa
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could be minor structural changes in the particle network. This aspect
will be discussed in more detail in the next section. Irrespective of that,
this model system allows us to vary the slip velocity by about a factor of
two, while keeping the slip and yield stress, and also the high shear
viscosity 1y, of the paste constant [42], simply by varying the secondary
liquid fraction in the range ¢g.c/Pparice > 0.1

3.1.3. Variation of the secondary liquid

In this section the influence of the interfacial tension I" between bulk
and secondary liquid is examined using four different secondary liquids
SL1 to SL4. The particle volume fraction is kept constant at ¢,q;cie = 48
vol% and the ratio of secondary liquid to particle volume is set as
®sec/ Ppariicle = 0-1. The values for the interfacial tension between Texanol
and the liquids SL1 to SL4 as well as the viscosity of these liquids are
summarized in Table 1.

In Fig. 5a, the yield stress o, is displayed against the interfacial
tension I” between the bulk liquid Texanol and the respective secondary
liquid SL1 to SL4. The yield stress apparently increases linearly with
increasing interfacial tension, as expected [39], since the surface ten-
sion I" between Texanol and the secondary liquid increases from 0.19 +
0.01 to 0.51 + 0.01 mN m ™.

It should be noted, that the viscosity of the secondary liquids SL1 to
SL4 varies by about a factor of 47, but previous investigations including
different particle types as well as different bulk and secondary liquids
clearly revealed that the viscosity of the secondary liquid does not affect
the strength of the particle network and hence the yield stress in capil-
lary suspensions [50]. Thus, it has to be assumed that the capillary
network and yield stress of the pastes investigated in this study remain
unaffected by the different viscosity of the secondary liquids.

In contrast to oy, the slip stress o5 (Fig. 5b) is within experimental
uncertainty independent of interfacial tension and values around 170 Pa
are found. This is surprising since both yielding of the sample as well as
the formation of the slip layer are expected to be related to the network
strength. Presumably, the particle network adjacent to the wall exhibits
imperfections which facilitate the formation of a slip layer but do not
deteriorate the bulk network strength significantly.

Fig. 5¢ demonstrates that the slip velocity, determined at 290 Pa,
increases with increasing interfacial tension. Assuming that the slip
layer essentially consists of the bulk fluid, this corresponds to an in-
crease in nominal slip layer height since the bulk viscosity is kept con-
stant. According to Eq. (1) and using the Texanol viscosity (17, = 13.8

Slip Velocity v, / mm-s™

700 — . . . 700 : 7 — . :
a) J b) c)

600 | ; } 4 600} 4 6} .
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Fig. 3. Yield stress (a), slip stress (b), and slip velocity, determined at 290 Pa, (c) vs. particle volume fraction for pastes including Texanol as bulk phase and SL1 as
secondary liquid, ratio of secondary liquid to particle volume ¢y, /¢pqricte = 0-1. The dotted lines are guides for the eye.
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Yield Stress o, / Pa Slip Stress o,/ Pa Slip Velocity v,/ mm-s™
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Fig. 4. Yield stress (a), slip stress (b), and slip velocity, determined at 290 Pa, (c) Vs. (e /Pparicie fOr pastes including Texanol as bulk phase and SL1 as secondary
liquid at a constant particle volume fraction ¢, = 0.48. The dotted lines are guides for the eye.

Table 1

Interfacial tensions I” between bulk (Texanol) and secondary liquid as well as the

liquid viscosities 7.

Liquid Interfacial tension I'/mN-m Viscosity 7/mPa-s
SL1 0.19 £ 0.01 97 + 0.02

SL2 0.28 + 0.01 201 + 0.6

SL3 0.47 £ 0.01 971 + 4.6

SL4 0.51 + 0.01 4605 + 34

Bulk (Texanol) - 13.8 + 0.05

+ 0.05 mPa s) the slip velocities determined here correspond to slip
layer height h; values between 0.2 and 0.3 pm, i.e. slip layer height to
mean particle diameter ratios of 0.1-0.2. This is about twice as high as
previously reported for conventional highly filled suspensions above the

yield stress [28,32,33], and thus seems to be in a reasonable range.
It is unlikely that the slip layer consists mainly of the secondary

700 ; 700 : 7 ]
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600 - } 600 - 1 6r L
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liquid, as this is trapped in the pendular bridges between the particles
and is not soluble in the bulk liquid. Moreover, if the slip layer would
consist of the secondary liquid, the much higher viscosity of the sec-
ondary liquid would correspond to large calculated slip layer heights
(Eq. (1)) and consequently lead to high slip layer to particle diameter
ratios as shown in Table 2.

The slip layer to particle diameter ratio starts at 0.9 for liquid SL1,
which is ten times higher than previously reported ratios of up to 0.09
[28,32,33] and increase to a ratio of 68 for liquid SL4, then exceeding
the particle diameter by almost two orders of magnitude which seems to
be unphysical. Since, filling this slip layer of approximately 100 pm
height would require about one-third of the secondary liquid SL4 to
migrate to the wall of the rheometer plate within the short experimental
time of about 26 min. Since the pastes remain stable even after being
transferred multiple times into different containers and on the three-roll
mill, it can be ruled out that significant portion of the secondary phase
quantity is lost with each contact with a surface. These considerations
further support the assumption, that the slip layer mainly consists of the

Slip Velocity v,/ mm-s™

Interfacial Tension 77/ mN-m""

Interfacial Tension 77/ mN-m"

Interfacial Tension 77/ mN-m™"

Fig. 5. Yield stress (a), slip stress (b), and slip velocity (c), determined at 290 Pa, vs. interfacial tension between bulk and secondary liquid. The pastes include
Texanol as bulk and SL1 to SL4 as secondary liquid with a ratio of secondary liquid to particle fraction ¢y /#panicie = 0-1 and constant particle volume fraction ¢pqpice
= 0.48. The dotted lines are guides for the eye.
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Table 2

Calculated slip layer to particle diameter ratio under the assumption that the slip
layer consists of the secondary liquid. The slip layer is calculated with Eq. (1),
the viscosities in Table 1 and the slip velocity at 290 Pa. The particle diameter is
1.4 ym. The pastes include Texanol as bulk and SL1 to SL4 as secondary liquid
with a ratio of secondary liquid to particle fraction ¢ /@pqricie = 0.1 and con-
stant particle volume fraction ¢qy;e = 0.48.

Secondary Liquid Slip Layer to Particle Diameter Ratio/-
SL1 0.9
SL2 2.1
SL3 12.8
SL4 68.4
bulk liquid.

3.1.4. Slip at high shear rates

Extensive capillary rheometer measurements have been conducted
for a paste containing 48 vol% particles (additionally including 2.2 vol%
of glass frit) in order to evaluate the relevance of wall slip phenomena
under high shear conditions. The paste comprises Texanol as bulk liquid
with a ratio of secondary liquid SL1 to particle volume fraction, ¢,/
®pariicte = 0.1 and particle volume fraction ¢qpicie = 0.48. Nozzles with
different diameter and various diameter to length ratios were used. The
latter series allowed for the so-called Bagley correction [47] eliminating
inlet and outlet pressure drop contributions to the total measured
pressure drop Ap. In Fig. 6 the Bagley corrected apparent viscosity data
are plotted as a function of shear rate. As expected the paste exhibits
pronounced shear thinning and the viscosity decreases from about 10 to
1 Pa s as the shear rate increases from 100 to 10.000 s~.. The data ob-
tained using nozzles with different diameter, however, do not show a
systematic increase of apparent viscosity with increasing diameter,
clearly demonstrating that wall slip is not a significant phenomenon at
this high shear rates.

Viscosity 7/ Pa-s
Die dimensions in mm
Diameter 0.50 0.75 1.00

100

T T
PR

r Length m 10 e 45 A 10 1

L = 30 A 40 |

) o 80 X 60
10 k A 99

PR |

3 %f ; I

0.1 SV
1000

Shear Rate y/ s™

10000

Fig. 6. Bagley corrected viscosity vs. shear rate for a paste including Texanol as
bulk phase and SL1 as secondary liquid with a ratio of secondary liquid to
particle volume fraction @gc/¢perice = 0.1 and particle volume fraction
@pariicie = 0.48. The measurements were conducted using eight dies with
different ratio of length to diameter.
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3.2. Screen printing behavior of various paste compositions

Based on the results presented above regarding the slip and flow
behavior of capillary suspension type model pastes, samples were
selected for screen printing trials that allow to establish correlations
between individual paste properties and printing results.

3.2.1. Particle volume fraction variation of yield stress and viscosity

As shown in section 3.1.1, an increase in the particle volume fraction
leads to a rise in slip and yield stress, whereas the slip velocity remains
constant. Since neither the primary nor the secondary phase is altered in
this variation, each sample exhibits the same liquid phase viscosity and
wetting properties. Furthermore, the ratio of secondary liquid to particle
volume fraction ¢, /@pqricie = 0.1 is kept constant and it can be assumed
that the samples in this series exhibit similar network structure
characteristics.

Table 3 summarizes the results of the screen-printing experiments
obtained for this group of pastes. The particle volume fraction ¢,y Of
the pastes is given and from this, as well as from the viscosity of the bulk
liquid 7, the high shear viscosity 7, of the pastes was estimated using
the semi-empirical Maron-Pierce equation,

¢ unicle) -
= 1 “hatee 2
Ths ﬂbulk( Do @

with ¢4 = 0.636 [43], valid for non-Brownian hard-sphere suspen-
sions. The spreading of the paste between substrate and mesh and its
subsequent retraction during mesh snap-off are the key process steps in
fine-line screen printing. The maximum spreading width wpg, was
determined from the wetted areas adjacent to the printed line visible in
the microscopy images, where individual particles remain in the pyra-
mid structure of the substrate. The resulting line width w and height h
were determined directly after printing. The cross-sectional area A
corresponding to the paste laydown is calculated as A = w x h.

Note, the large standard deviations provided for the line parameters
(Table 3) reflects the non-uniform line shape and strong scatter in line
width and height when printing the model pastes with a standard 22.5°
angled screen. Nevertheless, line interruptions, i.e. cross sections with
no detectable silver laydown, which would drastically reduce the cell
efficiency, were not observed in any of the printing trials in this series.
These deviations of the line morphology are caused by the wire crossings
(so called knots) positioned in the line opening, which locally reduce the
transfer of paste [51,52]. This reduction in the cross-sectional area of the
line would lead to localized resistive losses. However, the printing
experiment with the optimized paste using a knotless screen, maxi-
mizing open line area, in section 3.3, which also includes the electrical
data, does not show these high deviations.

It is evident that a variation in the particle volume fraction, while
maintaining constant slip velocity (s. Fig. 3c) and consistent wetting
properties of the primary and secondary liquids, has a significant impact
on the resulting spreading during the printing process and also on the
final line width and height. This suggests that the latter two parameters
are not decisive for the print quality in terms of achieving narrow lines
and reduced laydown in frontside metallization. The rheological pa-
rameters varying with particle volume fraction are the slip stress and
yield stress, as well as the high shear viscosity. The screen-printing
process is a dynamic process in which the paste is constantly flowing.
This is visually evident in the flooding process and by the presence of a
so-called paste roll in front of the squeegee during the printing process.
Nevertheless, the yield stress itself is a critical quantity, if the value is too
high, no flow can be induced by the squeegee movement and thus no
paste roll is formed. In this case the paste is merely pushed over the
screen, which leads to process failure. On the other hand, the yield stress
should not be too low to prevent gravity-driven flow of the paste through
the screen openings in the flooded state. Neither of these issues occurred
in any of the experiments discussed here, indicating that a yield stress
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Table 3
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Results of the screen-printing experiments for capillary suspension type pastes with different particle volume fractions. Texanol is used as bulk liquid and the secondary
liquid is SL1. The volume fraction ratio of secondary liquid to particles is ¢, /#panicie = 0-1, Printing was carried out at a speed of 300 mm/s, a snap-off distance of 1 mm
and a squeegee pressure of 1.5 bar. The nominal line width is 20 pm. Shown are the high shear viscosity ;s estimated based on the semi-empirical Maron-Pierce
equation, the maximum spreading width Wy, the final line width w and height h, as determined from microscopic images. The cross-sectional area is calculated as A =
w x h. The presence of interruptions is marked and representative sections of the lines are shown in the images.

Particle volume fraction ¢yt

0.48 0.53 0.54
High shear viscosity 5,,/Pa-s 0.22 0.47 0.57
Max. spreading width during printing wpq./pm 92.3 + 26.0 39.9 +13.9 30.0 +11.4
Line width w/pm 389 £11.0 20.3+7.2 16.1 + 4.7
Line height h/pm 15.4 + 3.9 6.9 + 1.9 58 +1.3
Cross-sectional area A = w x h/pm? 599 + 321 140 + 88 93 + 48
Interruptions No No

Representative section of printed lines

range between 50 Pa and 600 Pa is suitable for fine line printing with
nominal line opening widths of 20 pm. The shear stresses ¢ imposed on
the paste during printing should be above the yield stress oy so that a
paste roll that fills the screen can form. For the pastes investigated here,
the slip stress o5 was always below oy. If hypothetically, 65 < 6 < oy
would hold the paste would move on a slip layer over the screen, but
there would be no flow and thus no paste roll. A similar phenomenon
would appear in a flow regime, where slip and flow coexist, but slip
dominates. This was not observed in the printing trials conducted for
this paste group. So, we conclude, that the quantity mainly determining
line width and laydown is the high shear viscosity. Our data suggest that
w ~ 1/n, as shown in Fig. 7.

60 Llnle Wldthlw/ pmI
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Fig. 7. Final line width w from the screen-printing experiments of pastes with
the particle volume fractions 0.48, 0.53 and 0.54 (dots from left to right) in
Texanol with secondary liquid SL1, added in the ratio ¢/ #parice = 0.1. The
width is plotted against the estimated high shear viscosity obtained by using the
semi-empirical Maron-Pierce equation. Printing was performed at a speed of
300 mm/s, a snap-off distance of 1 mm and a squeegee pressure of 1.5 bar. The
nominal line width is 20 pm. The solid line marks a linear fit to the experi-
mental data yielding a regression coefficient R* = 0.98.

This is in line with earlier results for ZnO pastes including polymeric
rheology control agents [46]. In this study it was, however, observed,
that the yield stress has an effect on the length of the pre-injection zone
and thus on paste transfer and line width. Accordingly, a scaling law
w ~ 1/(nys x0y) was suggested in this work, but for the data obtained
here the regression coefficient is slightly lower using this scaling than for
the simple w ~ 1/n,, correlation. The role of the yield stress will be
discussed in more detail in the next section.

3.2.2. Effect of secondary liquid content — variation of slip and yield stress

A direct comparison between the printing behavior of a suspension
with and without secondary liquid phase has been performed. The
particle volume fraction as well as the bulk liquid and thus the high
shear viscosity and wetting of both suspensions are equal. However, the
capillary suspension exhibits a much higher network strength than the
binary suspension, showing up in an almost tenfold higher yield stress
(Fig. 4). Accordingly, printing trials on these samples allow for a sepa-
ration of viscosity and yield stress contributions and will inform us about
the effect of the latter on the finger line properties. Test results are
summarized in Table 4, including the spreading width during the
printing process Wy, the final line width w, the final line height h as
well as the cross-sectional area A =w x h.

Obviously, the higher yield stress of the capillary suspension results
in narrower but higher printed lines. The cross-sectional area, however,
is the same within experimental uncertainty. The sample with a higher
yield stress exhibits less spreading and stronger retraction. The former is
attributed to the higher yield stress, which means that a larger part of the
applied pressure is required to break the strong network structure. The
latter may be due to stronger slip (Fig. 4) and rapid structural recovery
typically found in capillary suspensions [42] stabilizing a high aspect
ratio h/w.

Based on the results presented in sections 3.1.2 and 3.2.2 we
conclude, that the high shear viscosity is the key parameter controlling
paste transfer and final line width. A high paste viscosity is mandatory to
reduce paste consumption.

In 3.1.2, it was shown that capillary suspensions with ¢ /@paricie >
0.1 exhibit a plateau in slip and yield stress, but show an essentially
linear increase in slip velocity with increasing ¢g.c/@paricie (Fig- 4). This
enables us to assess the effect of this paste property on printing behavior
while keeping slip and yield stress, as well as viscosity and wetting
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Table 4

Results of the screen-printing experiments for pastes with and without secondary
liquid addition. The particle volume fraction is ¢qpicie = 0-48. Texanol is used as
bulk liquid and the secondary liquid is SL1. Printing was carried out at a speed of
300 mm/s, a snap-off distance of 1 mm and a squeegee pressure of 1.5 bar. The
nominal line width is 20 pm. Shown are the maximum spreading width Wy, the
final line width w and height h, as determined from microscopic images. The
cross-sectional area is calculated as A = w x h. The presence of interruptions is
marked and representative sections of the lines are shown in the images.

Dsec/ Pparticte
0 0.1
Maximum spreading width ~ 125.4 + 24.7 92.3 + 26.0
during printing wyq,/pm
Line width w/pm 66.7 +£17.9 389 +11.0
Line height h/pm 9.3+29 15.4 + 3.9
Cross-sectional areaA =w 620 + 360 599 + 321
X h/prn2
Interruptions No

Representative section of
printed lines

properties constant. The results of printing trials for three selected pastes
from this group are summarized in Table 5.

As shown in Table 6, it is evident that increasing the slip velocity,
results in reduced spreading during the printing process as well as lower
final line widths and line heights. With a slip velocity of 4.3 + 0.1 mm/s
the paste transfer is strongly reduced compared to the paste with a slip
velocity of 3.6 + 0.3 mm/s and the printed finger lines are very inho-
mogeneous. The paste transfer decreases further with increasing slip

Table 5
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Table 6

Results of the screen-printing experiments of pastes with different types of
secondary liquid. The particle volume fraction is 0.48. The bulk liquid is Tex-
anol. The secondary liquids vary in their interfacial tension I" and also result in
varying paste yield stresses o, as well as slip velocities v; at 290 Pa. The printing
was carried out at a speed of 300 mm/s, a snap-off distance of 1 mm and a
squeegee pressure of 1.5 bar. The nominal line width is 20 pm. Shown are the
maximum spreading width Wy,qy, the final line width w and height h, as deter-
mined from microscopic images. The cross-sectional area is calculated as A = w
x h. The presence of interruptions is marked and representative sections of the
lines are shown in the images.

Type of secondary liquid

SL1 (I' = 0.2 mN/m, 6y =
410 Pa, vy = 3.6 mm/s)

SL3 (I' = 0.5 mN/m, Oy =
520 Pa, vg = 5.3 mm/s)

Maximum spreading ~ 92.3 + 26.0 27.1 £14.9
width during
printing Wyqx/pm
Line width w/pm 38.9 +11.0 143 +6.1
Line height h/pm 15.4 + 3.9 4.8 +1.7
Cross-sectional area 599 + 321 69 + 54
A =w x h/pm?
Interruptions Yes
Representative
section of printed
lines

velocity. Many areas can be seen where almost no paste was transferred
and a large number of line interruptions was detected. While narrower
lines and a lower paste transfer are generally desirable for metallization
fingers, the strong inhomogeneities, which are reflected in the large
standard deviation for w or h and can be clearly seen in the

Results of the screen-printing experiments for pastes with varying ratios of secondary liquid to particle volume fraction ¢, /¢pqrice- The particle volume fraction is
0.48. Texanol is used as bulk liquid and the secondary liquid is SL1. The printing was carried out at a speed of 300 mm/s, a snap-off distance of 1 mm and a squeegee
pressure of 1.5 bar. The nominal line width is 20 pm. Shown are the maximum spreading width wy,, the final line width w and height h, as determined from
microscopic images. The cross-sectional area is calculated as A = w x h. The presence of interruptions is marked and representative sections of the lines are shown in

the images.

Dsec/ Pparticte

0.1 0.19 0.26
Slip velocity v;/mm-s~* 3.6 £0.3 43+0.1 5.3+0.2
Maximum spreading width during printing Wynex/pm 92.3 + 26.0 33.1 +£18.1 31.0 + 16.7
Line width w/pm 38.9 £11.0 19.7 £ 8.9 18.7 £ 9.5
Line height h/pm 15.4 £ 3.9 10.2 £ 6.2 9.6 + 6.6
Cross-sectional area A = w x h/pm? 599 + 321 201 + 213 180 + 215
Interruptions No

Representative section of printed lines
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representative sections of the printed lines (Table 5), make these pastes
unsuitable for fine-line printing. The reason for this is that slip already
occurs above the screen, which affects the paste roll and flooding
behavior during printing. For pastes with high slip the paste roll does not
form properly, and the paste is merely pushed over the screen during
printing and flooding. This prevents uniform filling of the screen
openings and results in the depicted inhomogeneous paste transfer with
strong variations in height. To characterize this in more detail, Fig. 8
compares the distribution of measured heights along the printed lines
for the pastes with ¢y /@paricie = 0.1 and 0.26.

The paste with ¢y, /Pparicte = 0.1 predominantly shows height vari-
ations above the emulsion over mesh (EOM) height and exhibits only
few regions showing line heights below the EOM thickness. In contrast,
for the paste with ¢,/ Pparicie = 0.26 and high slip velocity the majority
of measured line heights is below the EOM. Additionally, a small number
of very high line heights is observed. The distribution is broad and
bimodal, whereas the sample with less slip exhibits a narrower mono-
modal line height distribution. Especially, the regions of line heights
below EOM corresponding to incomplete filling are supposed to be
detrimental to electrical conductivity or cell performance and must be
avoided. Previously, it was shown [20] that stronger paste slip promotes
mesh emptying and increases paste laydown. In this study, pastes
showed similar yield stress as the series of pastes investigated here, the
slip velocity, however, was about 5 times lower and slip on the screen
surface did not occur. The benefit of slip for mesh emptying was also
confirmed in another study [31] employing screens with different sur-
face treatment and showing that paste transfer was higher, when the
adhesion of the paste to the screen was reduced.

Placing this finding within previous investigations enables the defi-
nition of a slip velocity range in which slip can lead to an improvement
in print result. For pastes with slip velocity values between 0.005 and
0.050 mm/s no effect of slip on paste transfer was observed in corre-
sponding printing experiments [24]. Increasing slip velocity from 0.25
to 1.25 mmy/s at a shear stress of 300 Pa significantly enhanced paste
transfer and line height [30]. The experimental data presented here
show that process failure and line inhomogeneities begin to occur when
the slip velocity increases from 3.6 to 4.3 mm/s, and further increase ata
slip velocity of 5.3 mm/s. Based on these studies, the optimal slip ve-
locity range can be narrowed down to 0.25 < vs < 3.6 mm/s at 290 + 10
Pa as process failure due to slip above the screen occurs between 3.6 and
4.3 mm/s and further increases at a slip velocity of 5.3 mm/s at a shear
stress of 290 Pa, and no influence of slip was found for slip velocities
about an order of magnitude below 0.25 mm/s.

a) Number of Evaluated Positions with Height / -

1000
EOM\
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15 20
Line Height h / ym
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Fig. 8. Evaluation of the heights from nine randomly distributed microscope images per group for pastes including 48 vol% particles in Texanol and ../ Pparricte

b) Number of Evaluated Points with Height / -

Solar Energy Materials and Solar Cells 292 (2025) 113763

3.2.3. Type of secondary liquid

It remains to be clarified whether only the slip velocity of the paste or
also the type of secondary liquid is responsible for the phenomena
described in 3.2.2. Pastes were prepared with secondary liquid SL1 and
SL3, with ¢g.c/Pparice = 0.1 in both cases. Due to their different inter-
facial tension with Texanol (s. 3.1.3) these fluids provide pastes with
different yield stress, slip velocity is also different, but the slip stress is
essentially the same (Fig. 5). Since these pastes include the same bulk
liquid and particle loading their high shear viscosity and wetting prop-
erties are also similar.

Consistent with the results discussed above paste transfer is signifi-
cantly reduced for the sample with the higher slip velocity of 5.3 + 0.4
mm/s, and line inhomogeneities with many interruptions are observed.
This suggests that not the type of secondary liquid, but the prevailing
slip velocity of the paste is relevant. Once again, slip on the screen
surface causes poor paste rolling and flooding for the paste with high slip
velocity (SL3), and hence insufficient paste transfer. Fig. 9a shows a
histogram of measured line heights, essentially all line heights are below
emulsion over mesh (EOM) clearly confirming incomplete paste trans-
fer. Fig. 9b depicts a photo of the poor flooding due to excessive slip. As
can be seen, the paste was merely pushed over the screen by the flooding
squeegee, but no flow of the paste occurred, and after a short distance an
almost clean instead of a flooded screen remains. This occurs analo-
gously in front of the printing squeegee, so that a paste roll cannot form.

Overall, our results demonstrate that excessively high slip velocities
lead to process failure above the screen and cannot contribute to
improving the printed line quality. It should be noted, that the obser-
vations made here using different secondary liquids but the same bulk
fluid are consistent with the previous assumption (s. 3.2.3) that the bulk
liquid, and not the secondary liquid, is located in the slip layer.

3.3. Formulation of a high-temperature metallization paste product

The findings described above were applied in the formulation of a
proprietary high-temperature metallization paste system.

Fig. 10 shows the adjustment of the desired line width by a targeted
increase in viscosity for a sample series including pastes with different
silver content and vehicle viscosity. The yield stress varies in the same
range as for the pastes discussed above, but the slip velocity was an order
of magnitude lower. The line width was obtained in printing trials using
a knotless screen with 12 pm nominal line width. These data confirm the
relationship w ~ 1/, already shown in Fig. 6.

For the paste with the lowest achieved average line width, the line
morphology in the printing experiment (a), the distribution of line
heights (b), as well as an exemplary 3D image and top views with and
without topography (c) and the electrical data achieved in the

1000

EOM

500 - B

250 - B

15 20
Line Height h / ym

25 30 35

0.1 (a) or 0.26 (b). The secondary liquid SL1 is used for both pastes. Each pixel row in the laser microscopic images was analyzed and classified to obtain the

histograms. The vertical line indicates the emulsion over mesh height of 10 pm.
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Fig. 9. a) Evaluation of the heights from nine randomly distributed microscope images of the paste including 48 vol% particles in Texanol and ¢/ $paricte = 0-1. The
secondary liquid is SL3. Each pixel row in the laser microscopic images was analyzed and classified to obtain the histogram. The vertical line indicates the emulsion
over mesh (EOM) height of 10 pm. b) Photography of the screen after the flooding process in a printing cycle. Failures in the correct flooding of the screen due to
excessive slip are clearly visible by the paste-free area revealing the bare screen emulsion instead of a paste covered surface.
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Fig. 10. Obtained line width in the printing experiment in relation to the high
shear viscosity. Shown pastes with varying particle content and vehicle
composition. The dashed linear depicts a linear fit. The grey area indicates the
general trend with respect to the measured standard deviations. Printing was
done on a knotless screen with 12 pm nominal line width and 10 pm emulsion
over mesh (EOM) at 500 mm/s speed, 1 mm snap-off distance and 2
bar pressure.

metallization of PERC cells with the help of a project partner (d) are
shown in Fig. 11.

Using this paste a printed line width of 24 + 4.1 pm and an aspect
ratio h/w = 0.48 + 0.12 was obtained, with the measured heights lying
in a narrow range above the EOM height apart from a few typical screen-
printing mesh marks. In the metallization of PERC cells with the help of
a project partner, efficiencies of 23.53 + 0.06 were achieved on an
industry-standard setup.

This example demonstrates that based on the correlations outlined
above high-quality metallization pastes for fine line screen printing can
be formulated.

4. Conclusion

The present study investigates how rheological properties of metal-

11

lization pastes, including yield stress and high shear viscosity as well as
slip stress and slip velocity, affect the results of fine-line screen printing.
The study focuses on spreading width, final line width and height, as
well as line uniformity and interruptions. A model system based on the
principle of capillary suspensions was designed allowing for selective
and systematic variation of these properties in a simple manner. Silver
pastes using Texanol as the bulk liquid and four secondary liquids
showing different interfacial tension with Texanol were employed.
These capillary suspensions exhibit pronounced wall slip at stresses
below the yield stress oy, which sets in at a critical stress termed slip
stress o; < 0y, and it was confirmed that the bulk liquid, not the sec-
ondary liquid, is present in the slip layer.

Firstly, the particle volume fraction ¢,qpce is varied while main-
taining the ratio of secondary liquid to particle volume fraction constant.
In this series the paste viscosity varies with ¢, according to Eq. (2),
and additionally, the yield stress as well as the slip stress increase with
increasing particle fraction, whereas the slip velocity remained constant
around 3.5 mm/s. The corresponding printing experiments demon-
strated that an increase in paste viscosity and yield stress, resulted in less
pronounced spreading, narrower final line width, and reduced paste
laydown. In the second part of the study, the ratio of the secondary
liquid to particle volume fraction is increased while keeping the particle
volume fraction constant. This keeps the high shear viscosity of the paste
constant, whereas the yield stress strongly increases, finally reaching a
plateau, as expected for capillary suspensions, and the slip stress also
follows a similar trend. The slip velocity, however, does not plateau but
increases linearly from 2.8 to 5.4 mm/s. Printing trials on these samples
allowed for a separation of viscosity and yield stress contributions. The
capillary suspension with a higher yield stress exhibits less spreading
and stronger retraction, but the same cross-sectional area, i.e. a similar
paste laydown.

From these results we conclude that high shear viscosity is the key
parameter controlling paste transfer and final line width. A high paste
viscosity is essential to achieve a narrow line width and reduced paste
consumption.

When comparing three pastes with increasing secondary liquid
fractions, it is observed that a significant increase in slip velocity from
3.6 to 5.4 mm/s causes inhomogeneities in line morphology. In addition,
paste transfer is reduced. This phenomenon can be attributed to exces-
sive slip above the screen, which hinders paste roll formation and screen
filling. This complements previous studies which reported that increased
paste slip promotes mesh emptying and increases paste deposition at slip
velocities starting at 0.25 mm/s [30,31], but no effect of slip velocity on
paste transfer was found at velocities in the range between 0.005 and
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Fig. 11. a) Results of the screen-printing experiments at a speed of 500 mm/s, a snap-off distance of 1 mm and a squeegee pressure of 2 bar. The nominal line width is
12 pm on a knotless screen with an emulsion over mesh (EOM) thickness of 10 pm. Shown are the maximum spreading width Wy, the final line width w and height
h, as determined from microscopic images. The cross-sectional area is calculated as A = w x h. The presence of interruptions is marked. b) Evaluation of the heights
from nine randomly distributed microscope images of these printing experiments. Each pixel row in the laser microscopic images was analyzed and classified to
obtain the histogram. The vertical line indicates the EOM height of 10 pm. ¢) Top view of representative section of printed lines with and without topography as well
as 3D image, as derived from laser microscopy d) The paste was used in the R&D center of a project partner to metallize PERC cells and the resulting electrical data
(open circuit voltage V,,, short circuit current I, fill factor FF, and efficiency Eff) as well as the paste laydown PL are shown.

0.05 mm/s [24]. Based on this, we conclude that there is an optimum
slip range in which slip can lead to an improvement in the print result
between 0.25 and 3.6 mm/s at 290 + 10 Pa, as process failure due to slip
above the screen starts to occur between 3.6 and 4.3 mm/s, and no in-
fluence of slip was found for slip velocities about an order of magnitude
below 0.25 mm/s [24]. This result is further supported by comparing the
printing results of two pastes containing different secondary liquids. The
secondary liquid with the higher interfacial tension to the bulk liquid not
only increases the yield stress, as expected, but also increases the slip
velocity from 3.6 to 5.3 mm/s, again resulting in an inhomogeneous line
morphology due to insufficient paste transfer.

We have used these findings to develop a ready-to-use metallization
paste yielding a line width of 24 pm and an aspect ratio of 0.48 when
printed through at 12 pm knotless screen, and achieved a cell efficiency
of 23.53 % on PERC cells, with a laydown that was 16 % lower compared
to commercial reference pastes [2].

Here we have investigated the screen-printing behavior of pastes
containing a Newtonian bulk fluid, highlighting the effects of paste yield
stress, viscosity and slip on printing results. This will support the future
development of metallization pastes to help reduce silver consumption
in the PV industry. However, commercial pastes typically contain high
molecular weight polymers as rheology modifiers, which may imply a
viscoelastic response during processing; the influence of this rheological
property should be the subject of future work.
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