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Introduction
For today’s crystalline silicon (c-Si) 
solar cell manufacturing operations, 
processes generally proceed in the 
following steps: texturing, diffusion, 
edge/etch isolation, PECVD SiNx 
coating and metallization. For the 
majority of metallization processes, 
screen printing is the most popular 
method to apply conductive paste to 
solar cells [1]. While other techniques 
such as plating and ink jetting are 
used, although less commonly, mass 
imaging v ia  screen printing has 
emerged as the most cost-effective 
high-volume metallization method.

In this study conducted by ISFH, 
a stencil printing process [2] was 
implemented to evaluate possible 
improvements versus the conventional 
screen printing approach. Analysis 
revealed that the screen printing 
technique tends to produce solar 
cell f ingers that have a wave-like 
shape along the f inger direction. 
Importantly, the top portion of the 
wave shape was non-functional when 
the electrical current passed through 
the finger from the PN junction to the 
busbar. Concurrently, the bottom part 
of the wave shape became a bottleneck 
of current collection. The expectation 
was that solar cell fingers printed 
through metal stencils would provide 
more uniform lines and, therefore, 
deliver improved performance (Figs. 1 
and 2). 

As suspected, the uniform stencil-
printed fingers offer lower electrical 
resistance than the wave-shaped, 
screen-printed fingers using the same 
volume of silver paste [3].

In addition to the print performance 
analyzed by comparison of screens 
versus stencils, this study also evaluated 
the effect of different squeegee materials 
on printing efficiency. The authors 
undertook a comparison of polymer 
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Figure 1. 3D microscope image of a solar cell finger printed with a screen. Note 
the wave-like topography, with peaks and valleys. 

Height
Max=22.7 μm
Ave=15.4 μm
Min=7.8 μm

Figure 2. 3D microscope image of a solar cell finger printed with a metal stencil. 
The silver paste is more uniformly distributed than with the screen print. 

Height
Max=29.4 μm
Ave=27.8 μm
Min=26.2 μm
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versus metal squeegees to understand 
the impact of squeegee material on print 
performance. Because polymer squeegees 
have elasticity, part of the squeegee will 
extend into the stencil aperture during 
stencil printing, resulting in a “scooping” 
effect, which produces a trough-like 
finger shape (Fig. 3). 

Design of experiment
Experimental inputs
1. ASM Alternative Energy (ASM 

AE) Eclipse metallization platform, 
Centrotherm dryer, Centrotherm 
furnace, I/V tester

2. Nikon optical microscope and Wyko 
surface profiler

3. ASM AE VectorGuard stencil frame, 
Fine-Line™ stencil foil and metal 
squeegee 

4. ASM AE Polymer squeegee, 95A 
shore 

5. Silver pastes
6. PERC solar cell substrates from 

ISFH [Figure 4]

Figure 3. Polymer squeegee versus metal squeegee printing; polymer squeegees tend to result in a scooping effect, whereas 
metal squeegees produce a more brick-like shape.

Figure 4. The substrates of this experiment

Figure 5. I/V data of four groups.
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Experimental process
PERC solar cel l  substrates from 
ISFH [4] were printed on the Eclipse 
metallization platform using a two-
step printing process [5,6]. 

During step one, the busbar pattern 
was screen printed using a non-fire-
through silver paste. Following the 
initial busbar print, the paste was 
dried and the cells were randomized 
into different groups. In the second 
step, the finger pattern was printed 
with a contacting silver paste with 
high viscosity developed for stencil 
printing through a VectorGuard Fine-
Line stencil using a metal squeegee, 
following which the paste was dried. 
Various stencil foils with 25µm, 30µm 
and 40µm finger apertures were used 
to print three groups of solar cells. 
The finger number range is between 
101 fingers for 40μm, 124 fingers 
for 30μm and 134 fingers for 25μm. 
Simultaneously, one group of cells 

was printed using 30µm apertures and 
a polymer squeegee. Finally, all four 
groups of solar cells went through 
thermal processing (firing) and the 
cells were I/V tested. 

Characterization and 
discussion
I/V data of solar cells

I/V data results are shown in Figure 
5. The star-shaped data points refer 
to the solar cell with the highest 
conversion efficiency of each group.

All cells achieved similar Jsc and 
Voc parameters, which are caused 
by nearly the same metallization 
area. The lowest fill factor (FF) was 
obser ved in the solar cell  group 
pr inted with polymer squeegee, 
indicating that the finger conductivity 
of this group of cells was lower than 
the other cell groups printed with a 
metal squeegee. 

Finger shape characterization
The finger shape of three groups was 
measured and included those cells 
printed with the following conditions: 
a 30µm stencil aperture and a metal 
squeegee, a 30µm stencil aperture 
and a polymer squeegee and a 25µm 
stencil aperture and a metal squeegee. 
The results are shown in Figure 6 and 
Figure 7.

Figure 6 and Figure 7 illustrate that 
when using the 30µm aperture stencil and 
printing with metal and polymer squeegees 
for comparison of squeegee type, the finger 
width printed with the metal squeegee 
group is approximately 41.40µm and that 
printed with the polymer squeegee is about 
38.64µm. While the difference between the 
two line widths isn’t statistically significant, 
the finger height differences are quite 
meaningful. The finger height printed 
with metal squeegees is about 21.2µm 
high, while that printed with the polymer 
squeegee is approximately 13.2µm. These 

Figure 6. Resulting finger shapes and height for the different aperture/squeegee combinations.

40µm+metal 
squeegee
Height: 
Max=29.5µm
Ave=28.0µm
Min=26.1µm

30µm+metal 
squeegee
Height:
Max=22.5µm
Ave=21.2µm
Min=19.9µm

25µm+metal 
squeegee
Height:
Max=20.5µm
Ave=19.0µm
Min=17.8µm

30µm+poly 
squeegee
Height:
Max=14.5µm
Ave=13.2µm
Min=12.0µm
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results substantiate the “scooping effect” 
observed with polymer squeegee printing. 
With the 25µm aperture stencil and metal 
squeegee prints, finger widths of 34.50µm 
and heights of 19µm were produced.

Silver paste consumption
Achieving cost competitiveness in 
the solar cell manufacturing industry 
is a necessity; both for manufacturer 
competitive advantage and for the 
production of lower-cost cells to 
br ing solar  energy costs  in l ine 
with consumer expectations. Silver 
paste is generally considered one 
of the higher cost inputs in solar 
cell manufacturing, so the ability to 
reduce the consumption of silver paste 
while simultaneously improving cell 
efficiency has been and continues to 
be a driver of technology development 
[7,8].

I n  t h i s  s t u d y,  s i l v e r  p a s t e 
consumption was also recorded after 
printing prior to drying and the results 
are illustrated in Figure 8. The chart 
shows the silver paste consumption Figure 8: Silver paste consumption of four groups

Figure 7. Resulting finger width for the different aperture/squeegee combinations.

40µm+metal squeegee
Width=55.20µm

30µm+metal squeegee
Width=41.40µm

25µm+metal squeegee
Width=34.50µm

30µm+poly squeegee
Width=38.64µm
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for the contact fingers. The standard 
rectangular-shaped five busbar design 
results in an Ag paste consumption for 
the busbars of 14.2mg.

Figures 5 and 8 indicate that the 
relationship between silver paste 
consumption and cell efficiency is 
not a direct ratio. In stencil printed 
cells , the higher efficiency groups 
were printed by 30µm and 25µm 
finger aperture stencils. The 30µm 
group has better fill factor and more 
concentrated efficiency distribution 
co mp a re d  to  th e  2 5 µ m  g ro u p , 
which suggests that the 30µm finger 
aperture stencil has better printing 
performance than the 25µm finger 
aperture stencil  when using the 
DuPont silver paste for the contact 
f inger.  In  addit ion,  the  highest 
efficiency cell appeared in the 25µm 
finger aperture group, indicating a 
higher average efficiency could be 
achievable given optimization of the 
stencil and silver paste. 

Conclusion
Results from this study conducted 
by  I SFH ind ic ate  that  a  me t a l 
squeegee produces improved fine line 
printing performance as compared 
to a polymer squeegee resulting in 
higher aspect ratios using a metal 
squeegee. In the final I-V ISFH data 
from the PERC cell analysis, the 3µm 
finger aperture stencil printed group 
produced the best average efficiency, 
and the highest individual efficiency 
appeared in 25µm finger aperture 
stencil printed group. The study also 
revealed that the correlation between 
silver paste consumption and cell 
efficiency is not directly proportional 
and that further research is required to 
understand the relationship between 
the front side pattern and silver paste. 
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