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Motivation: PV modules  typically  contain 8-10 g/m² lead (Pb). The 

project “BermUDa” demonstrated and evaluated the production 

of lead-free PV modules  us ing state-of-the-art processes  like 

screen printing and solder interconnection, to improve 

sustainability  and compliance to a poss ible RoHS[1] revis ion.

Summary and Conclusion
—

◼ Lead-free PV modules are achievable with small changes to 

conventional production processes.

◼ Further paste development activities in order to achieve a comparable 

fine line printing capability of lead-free pastes expected due to 

increasing market demand.

◼ Lead replacements (e. g. Bi) are not necessarily more sustainable

◼ Alternative approaches plating, conductive adhesives, (ECA), HJT, IBC;

can have higher adaption costs for current production lines.

Approach

◼ Demonstration of lead-free PV modules

◼ Investigation of sustainability

◼ Module Production 

− Processes: Screen printing and solder interconnection.

− Metallization on 4500 pre-processed wafers, optimization of firing process

− Different solder alloys: Sn42Bi58, Sn60Bi40, Ecosol, and Sn60Pb40 (ref.).

SEM and EDX images of a cross 

section of a lead-free solder joint 

with An Ag3Sn phase at the 

interface between solder and Ag.

Cell Metallization

◼ Lead-free pastes required slightly thicker finger width of 40 vs. 33 μm for 

lead-containing pastes (results from 2019).

◼ Efficiency of lead-free cells up to 0.3 %abs lower compared to leaded ref. cell. 

Life-cycle assessment of lead-containing and lead-free solar cells across different categories.

Sensitivity analysis of the influence of module 

efficiency on the LCOE at Freiburg

Life Cycle Analysis (LCA) and Cost Analysis

◼ The modules pass the tests with a good 

margin to the pass-fail criterion (-5 %).

◼ Bi not necessarily more sustainable:

◼ Coupled production processes of Pb 

and Bi requires allocation.

◼ Small difference between materials 

and allocations.

◼ Total Cost of Ownership (TCO) analysis 

shows small (< 0.5 %) difference for 

module production costs.

Module Reliability

90° peel forces of the cell front side 

after soldering. For the group with 

lead-containing paste, the achieved 

peel forces were limited by the weak 

cell/metallization interface. 

Cell Interconnection

◼ Lead-free pastes can operate 

on a comparable or even higher 

level to lead-containing pastes.

◼ 90° Peel forces reached > 1 

N/mm for a broad range of 

process parameters.

a
Fracture pattern of 

a) leaded cell metallization, 

b) lead-free cell metallization and 

c) commercial reference cell.
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