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Introduction
There are several clear indications 
of the effect of changes to the cell 
interconnection process and overall 
mo dule  arch i te c ture .  Ne w ce l l 
metallization layouts and techniques 
enable higher efficiencies to be achieved 
at the cell level, while the latest research 
in module interconnection schemes 
– such as half-cut cells – has led to 
improvements in module power output 
by decreasing cell-to-module losses 
[1,2]. Equipment suppliers are offering 
new process lines to upgrade the state-
of-the-art three-busbar cell design with 
at least four, or even five, busbars.

This paper describes multi-busbar 
(MBB) technology developed by 
SCHMID Group as a more refined 
serial solar interconnection concept. 
C e l l - to - ce l l  i nte rco n n e c t i o n  i s 
realized by 15 Cu wires, following the 
alternating front-side to back-side 
connection through a stringing and 
soldering process. The equipment and 
interconnection process is discussed, 
complemented by microstructure 
diagnostics to verify contact formation 
and reliability.

The proposed technique aims to 
reduce the amount of silver (Ag) 
needed for the front cell electrode. 
With the multi-busbar design, module 
performance can be increased because 
of the reduction in the total series 
resistance of the interconnected cell 
strings and also because of improved 
light utilization owing to the round wires.

There are four key advantages to 
using MBB technology for photovoltaic 
cells and modules:

1.	A reduction in the amount of Ag per 
cell required for different cell types.

2.	H i g h e r  c e l l  a n d  m o d u l e 
efficiencies because of the new cell 

metallization layout and multi-
busbar stringing design.

3.	Adaptable equipment for retrofitting 
existing module production lines, 
a reliable stringing process, and 
conventional string lay-up and 
module lamination.

4.	Improved module reliability and 
reduced thermomechanically induced 
stresses and cell breakage.

“With the multi-busbar 
design, module performance 

can be increased because 
of the reduction in the total 

series resistance of the 
interconnected cell strings.”
This paper gives a summary of 

the benefits from a cell perspective, 
and an overview of the equipment 
for implementing the multi-busbar 
interconnection process, as well as the 
overall module production process. 
Fur thermore ,  resul t s  o f  micro-
mechanical and micro-structural 
diagnostics of the miniaturized solder 
joints are presented. The last section 
focuses on forthcoming work, which 
will  address the mechanical and 
reliability advantages of multi-busbar 
interconnection technology.

Cell development and 
metallization concept
In 2010 Ag usage for photovoltaic 
applications reached approximately 7% 
of the annual worldwide supply of this 
material [3]. At the same time as the 
usage of Ag has been rising, the price 

of Ag has been increasing: this poses 
an important limitation on the growth 
of solar cell production at lower costs. 
Thus, a key goal for the photovoltaic 
industry is to decrease the amount of 
Ag usage in solar cell production [4].

T h e  m u l t i - b u s b a r  d e s i g n 
demonstrates a potential for cell and 
module efficiencies higher than those 
achievable with the state-of-the-art 
three-busbar cell design [5]. The multi-
busbar design is optimized so that the 
shaded area and Ag consumption are 
reduced. The proposed layouts are 
based on small solder pads and a grid 
finger scheme, instead of continuous 
busbars as a soldering pad for the Cu 
ribbons. New test and measurements 
set-ups have also been developed [6]. 

In conventional three-busbar layouts, 
the length of the fingers between the 
busbars along with the associated ohmic 
losses limit the minimum finger width 
and therefore determine the amount 
of Ag required to achieve sufficient fill 
factors. With the reduced finger lengths 
of the multi-busbar design it is possible 
to tap the full potential of modern 
metallization techniques, such as fine-
line screen printing or inkjet seed-layer 
printing combined with light-induced 
plating. The obvious benefits are a high 
fill factor with significantly reduced Ag 
consumption and less shading of the 
active area [7].

Two different processes are used for 
the metallization of the solar cell: 1) 
fine-line screen printing, and 2) seed-
layer and plating techniques of the 
front electrodes [8]. Table 1 compares 
the amount of Ag required for the 
multi-busbar layout with that for a 
three-busbar layout. With improved 
alignment and fine-line and dual 
printing, the screen-printing process 
has gradually been improved and the 
printing paste consumption reduced 
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over the years: a reduction of 40% has 
been realized. For the other approach 
of seed-layer inkjet printing and Ag 
plating, only one third the amount of Ag 
is needed. The results have confirmed 
the formation of a sufficient front 
electrode on the solar cells, leading to 
an even greater reduction in Ag.

The overall metallization design 
on the front side is very flexible. The 
metallization pattern is highly adaptable 
to specific customer layouts, process 
requirements (pad size vs. alignment, 
etc.) and optimized cell efficiencies. 
Figs . 1 and 2 show two different 
metall ization layouts :  seed-layer 
inkjet printing and plating, for which 
a standard busbar-less small meshed 
layout was chosen; and screen-printed 
contacts, for which an improved design, 
with a further reduction in the number 
of pads, has been developed.

The results showed that the amount 
of Ag can be drastically reduced; 
moreover, the multi-busbar concept 
measures up to the proposed long-
term goals in international roadmaps: 
the ‘International technology roadmap 
for photovoltaic’ (ITRVP) [4] indicates 
a target of 50mg of Ag per cell in 2020.

Cell stringing process and 
multi-busbar connector
A multiple busbar concept with small 
Cu wires for cell interconnection was 
first proposed by the Canadian company 
Day4Energy [9]; this technology is now 
promoted by Meyer Burger under the 
name of ‘smart wire connection’ [10]. 
The smart wire approach combines the 
stringing and lamination process into 
one step, bonding indium-coated wires 
to the solar cells.

In comparison, the multi-busbar 
connector discussed in this paper 
is similar to a classical stringer step 
followed by a standard lamination 
process :  the solar cells  are sti l l 
interconnected in an alternating way, 
from the front side of one cell to the 
back side of the adjoining cell. The 
cells are mechanically and electrically 
interconnected by 15 Cu wires, and 
assembled into conventional cells 
strings; they are then picked and 
placed for further module assembly 

(cross interconnection and encapsulant 
lamination). This has the advantage that 
the overall advances in technology can 
be implemented in existing production 
lines: the equipment can integrated, 
with only the need to replace tabber-
stringer equipment.

“Advances in technology can 
be implemented in existing 

production lines.”

	 Group 1 (MBB layout)	 Group 2 (MBB layout)	 Group 3 / Reference (three-busbar layout)

Screen printing	 30–33mg finger paste		

	 30–32mg pad paste		

Seed layer		  8–9mg	 11–12mg

Base layer		  20–25mg	 85–90mg

Total	 60–65mg	 28–34mg	 96–102mg

Table 1. Total amount of Ag consumption for the different types of front-side metallization, according to Braun et al. [8].

Figure 1. Ag-plated contacts: standard busbar-less design, with soldering 
pads on the grid fingers.

Figure 2. Ag screen-printed contacts: improved design, with a reduced 
number of solder pads and a more complex grid finger layout.
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With the multi-busbar development 
at the cell level, a new generation of 
process equipment [11] for the cell-
to-cell interconnection was necessary 
in order to meet the requirements for 
connecting small Cu wires on busbar-
less cells. Since the alignment of the 
cells and the wires is crucial, the multi-
busbar stringer uses high-precision 
image processing to determine the 
position of the metallization pattern. 
The string assembly is carried out 
on preheated vacuum chucks via 
IR soldering (see Fig. 3). All 15 tin-
coated Cu wires are soldered to the 
front and back sides of the cell in one 
step, as shown in Fig. 4. To enable easy 
assembly of the module matrix, the 
15 wires at both ends of the strings 
are automatically interconnected by 
an end ribbon. Fig. 5 shows an SEM 
image of Cu wires with the pointwise 
solder joints on the multi-busbar cell 
metallization pattern.

PV module assembly process
As already mentioned, the overall 
module assembly process follows a state-
of-the-art workflow. The metallization 
process ,  the cell  inspection and 
measurement, and the tabber-stringer 
process equipment are subject to 
change, but the subsequent string cross-
connection to the junction box and the 
module lamination are standard.

 Fig. 6 shows the process flow of the 
multi-busbar module manufacturing 
concept, with the changed processes 
marked on the flow chart. No additional 
steps are necessary to realize the multi-
busbar cell/module concept, compared 
with current conventional PV cell and 
module assembly processes. At the cell 
fabrication level, only the metallization 
process is modified: a screen-printing 
process is still used, but new screen 
masks are necessary. For quality control 
and inspection, a new contacting unit is 
required because of the modified front-
side layout of the multi-busbar cell.

For  mo dule  pro duct ion ,  only 
new stringing equipment has to be 
installed, so production can be easily 
ramped up. In the lay-up process the 
cell strings are placed onto the glass. 
A minor adaptation of the cell string 
interconnection needs to be performed 
to cross-link the 15 multi-busbar Cu 
wires.

Contact formation and 
evaluation of solder joints
Besides the benefits at the cell level, 
extensive studies relating to contact 
formation,  process and material 
interactions, and reliability assessment 
have been carried out to optimize 

Figure 3. Multi-busbar connector: vacuum chuck used to align the 15 Cu 
wires on the solar cell.

Figure 4. Multi-busbar connector: cell vacuum chucks and the IR soldering 
unit for the soldering process.

Figure 5. SEM image of Cu wires soldered to the multi-busbar cell 
metallization pattern.
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and validate the module concept. In 
a recent work by Schindler et al. [12], 
the contact formation of the soldering 
process was investigated for the MBB 
cell metallization design. Different 
technological approaches, such as 
varying the Cu wire diameter or the cell 
metallization, were evaluated by means 
of micro-mechanical pull tests.

By drawing upon expertise in 
microelectronics and microsystems 
technology for failure diagnostics, as 
well as a material evaluation of adhesion 
technologies and system integration 
(e.g. wire bond contacts or welded 
contacts), a universal tool (see Fig. 7) 
was co-developed [13] to characterize 
the solder contact strength of solar 
cell interconnections (both standard 
H-pattern cell layouts and new cell 
metallization concepts and layouts). 
This mechanical testing of the MBB 
solder joints was evaluated by a pull 
test of the miniaturized solder joints, 
as this is a suitable way of testing the 
influence of process parameters and 
material mixtures for interconnections. 
Force measurements of the pads were 
conducted on the solar cell front-
side metallizations (see Fig. 8). The 
single-point pull-force interconnection 
values for the sequences were assigned 
maximum values, and the mean value 
and standard deviation for the measured 
specimen were calculated. In addition, 
the fracture mode after the pull test 
was recorded in order to seek a possible 
correlation between the force values 
and the mechanically induced contact 
deterioration within the test regime.

The measurements indicated good 
force values for these miniaturized 
contacts. The results also showed that 
the metallization process plays an 
important role in mechanical strength 
during pull tests of the solder joints.

“The results showed that the 
metallization process plays an 
important role in mechanical 
strength during pull tests of 

the solder joints.”
The solder joints on inkjet seed-layer 

printed and Ag-plated pad structures 
resulted in lower pull force values than 
when screen-printed Ag metallization 
was used. For the screen-printed 
contact pads, the pull forces are above 
1N, with values over 2.5N being 
measured for several contacts (Fig. 
9). The solder joints using the inkjet 
seed-layer printing and Ag-plating 
technology resulted in a pull force 
mean value of around 1N in the 
mechanical tests.

Figure 6. Process flow of multi-busbar cell manufacturing and module 
assembly steps.

Figure 7. Test set-up for the mechanical pull tests.

Figure 8. Typical force-pad sequence of the contact force measurements, 
showing that the wire had been soldered to every single pad.
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To compare the peel force values of 
multi-busbar solder joints and standard 
ribbons, the width of the soldered 
area has to be taken into account. The 
contact area width of about 600µm 
is 40% of the width of a typical three-
busbar ribbon (1.5mm). 

No significant difference in quality of 
the soldered contacts could be observed 
when the Cu wire diameter was varied 
(Fig. 10): similar results for wires of two 
different diameters were obtained when 
soldered with the production equipment.

A detailed analysis of the contact 
fracture modes after the pull test 
revealed considerable differences in 
the two types of metallization (Fig. 11). 
Wire diameter variation did not have 
a significant influence on the fracture 
mode after the pull test.

The screen-printed solder pads 
exhibited significant residues of the 
metallization and side-wall solder 
residues of the solder meniscus. The 
inkjet seed-layer printing and Ag-plated 
pad structure was completely separated 
from the cell after the test, and the cell 
surface structure was visible. Partial Si 
chipping within the soldered area on the 
specimen was noted. This conchoidal 
fracture mode was observed for both 
metallization types (see Fig. 12), but 
could not be correlated with specific 
force values.

 The contact formation of the 
solder joints was analyzed by means 
of microstructural diagnostics. The 
SEM images (Fig. 13) verified that the 
soldering results of the tabber-stringer 
equipment were homogeneous. The tin 
coating of the Cu wires always wetted 
on the metallization pad area, and a 
uniform meniscus from the Cu wire to 
the solder pad was visible.

The metallographic cross sections 
in Fig. 14 show in detail the solder 
meniscus of the solder joints. The 
solder  meniscus  sol id i f ie d  to  a 
uniform shape from the Cu wire to 
the pad area, and no dewetting or 
dissolution of the Ag metallization 
could be detected. The solder joint 
volumes are significantly larger than 
for conventional interconnected solder 
joints with tin-coated Cu ribbons; 
from the stress relaxation and material 
science point of view, this feature is 
assumed to be of additional benefit 
to contact reliability, and therefore 
to overall module performance and 
reliability.

Conclusions and further work
T h e  n e w  m e t a l l i z a t i o n  l a y o u t 
has proven benefits of higher cell 
efficiencies , invariably associated 
with a reduction in the amount of Ag 
needed for the front cell electrode. 

Figure 10. Force values of the single solder pads for two wire diameters, 
with documented Si chipping.

Figure 9. Force values of the single solder pads for the two metallization 
types, with documented Si chipping.

Figure 11. SEM images of soldered Cu wires in cell metallization pads, and 
their main fracture mode after the pull test: (a-b) screen printing; (c-d) Ag 
plating.

(a) (b)

(c) (d)
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Two technical approaches – fine-line 
screen printing, and seed-layer inkjet 
and light-induced plating – enable 
new cell metallization layouts with 
significantly reduced finger widths and 
cross sections.

“The new metallization 
layout has proven benefits of 

higher cell efficiencies.”
The pointwise stringing process 

produced reliable soldered contacts for 
both cell metallization and wire types. 
Further investigations will be carried 
out to verify the overall machine set-
up with regard to robust and repeatable 
soldering parameters.

Micro-mechanical testing of the 
solder joints was carried out by means 
of a pull test , which is a suitable 
method for testing the mechanical 
solder joint strength of the contacts. 
T h e  p u l l  t e s t  m e a s u r e m e n t s , 
especially for screen-printed MBB 
structures, yielded good pull forces 
for the miniaturized solder contacts 
[14,15]: the values were comparable 
to (or better than) the results for 
three busbars on a per width basis. 
The metallization process plays an 
important role in the mechanical 
strength of the solder joints during pull 

tests. The solder joints with Ag-plated 
pad structures exhibited lower pull 
forces than with screen-printed Ag 
metallization. For the screen-printed 
contact pads, the pull forces were 
greater than 1N, and values over 
2.5N were even obtained for several 
contacts. Solder joints with the inkjet 
seed-layer printing and light-induced 
Ag-plating technology yielded a mean 
value of around 1N in the mechanical 
tests .  All  contact configurations 
demonstrated very good wetting of 
the solder from the Cu wire to the 

pad area. The multi-busbar connector 
equipment produced a uniform solder 
meniscus on the pad areas .  The 
measured pull forces do not depend on 
the diameter of the Cu wires (250µm 
vs. 300µm), but optimization of the 
wire diameter, for either reduced 
shading or lower series resistance, is 
possible.

The determination of the minimum 
pull force which is still compatible with 
module reliability will be the subject of 
further investigations. Clearly, different 
metallization technologies might show 

Figure 12. Detailed microscopy image of the fracture mode after the pull 
test, with conchoidal fracturing of silicon within the pad area.

Figure 13. SEM images of soldered Cu wire in cell metallization pads: (a) screen printing, 250µm Cu wire; (b) screen 
printing, 300µm Cu wire; (c) Ag plating, 250µm Cu wire.

(a) (b) (c)

Figure 14. Cross sections of soldered Cu wire in cell metallization pads, and their main fracture mode after the pull 
test: (a) screen printing, 250µm Cu wire; (b) screen printing, 300µm Cu wire; (c) Ag plating, 250µm Cu wire.

(a) (b) (c)
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different minimum pull forces.
Fur ther  inve st igat ions  o f  the 

inf luence  of  ce l l  bre akage  and 
induced stresses on the soldering 
are in progress. A combination of 
in situ electroluminescence (EL) 
measurements and four-point bending 
apparatus is therefore proposed for 
evaluating the contributing factors of 
cell breakage due to process parameters, 
module layout and combinations of 
materials used [16].

It is assumed that multi-busbar 
metallization structures will reduce 
m e c h a n i c a l l y  i n d u c e d  s t r e s s e s 
within the cell: the probability of cell 
breakage will therefore be reduced. 
The mechanical stress on the solder 
joint will increase, but, because of the 
benefits of significantly larger solder 
volumes, the potential for relaxation 
and stress restraint is increased. Further 
investigations are ongoing and will be 
the subject of forthcoming publications 
to prove the benefits and reliability of 
the multi-busbar module technology.
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