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State of the Art
Interconnection technologies in PV modules

Il leaded soldering Il clectrically conductive

Standard: Busbar interconnection adhesives
M lead-free soldering W others

100%
= Currently soldering with Sn60Pb40 coated ribbons ] 0%
= Alternative lead-free (Pb-free) technologies — 80% -
= Lead-free soldering % 70% S
= Lead-free glueing £ 60% 2
= Others (e.q., taping, back contact-related T 50% o
solutions) S 0% g
o S
g 30% §
Pb — isn't its use restricted by European 20% =
regulations? So why are we still using it? 10% °
0%
2023 2024 2026 2028 2031 2034
4 [1] ITRPV 15th, 2024. ITRPV: International Technology Roadmap for Photovoltaic

PV: Photovoltaic
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Why do we still use Pb-containing solders?
The problem with lead (Pb)

I
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RoHS = Restriction of Hazardous Substances [ ettt b s ot
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= EU directive since 2006 i e o i B, et i el s st i
= Appendix II: Restricted substances accord. Article 4(1) s
with max. concentration in homogenous materials
in weight percent (%,,,)
Lead (0.1%)
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Bestricted substances veforved to im Jurtcle 4417 and maccimmns concentration
values tolerated by weight in homogeneous materiaks

Lead (001 %)

Mereury (0,1 %)

Cadvam (1,01 "!'.:-

Hexavwalent chrommm: (1 %)

Polybromunated bipkenyls (FREB) (0.1 %)
Palylmamunated dipbenyl cthrs [PRIE) (0] %)

5 [1] RoHS-Richtlinie, 2011/65/EU. RoHS: Restriction of Hazardous Substances (in Europe)
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Why do we still use Pb-containing solders?
The problem with lead (Pb)

4. This Directive does not apply to:

a) equpment which 1s necessary for the protection o e essenta
1 hich 1 for th 1 f th 1al
mterests of the security of Member States. including arms.

. munitions and war material intended for specifically military

RoHS = Restriction of Hazardous Substances [ puIposes.

(b} equipment designed to be sent into space:

= EU directive since 2006

(c) equipment which is specifically designed, and is to be installed. as

= Appendix II: Restricted substances accord. Article 4(1) part of another type of equipment that is excluded or does ot fall
within the scope o s Directive, which can its on only
W| h maxX. N ntr i 1] |n h m N m r| | if 1t 1s part of that equipment, and which can be replaced only by
aX. conce atlio omaogenous materials
. . o the same specifically designed equipment;
in weight percent (%,,,) & e stonnty ol o
rge-scale stationary industnial tools:
Lead (0.1%)
(e) large-scale fixed installations:
® {1) photovoltaic panels mtended to be used in a system that 15 designed,
. . . assembled and installed by professionals for permanent use at a
9 (4) Th|S dlrectlve does nOt apply tOZ @ defined location to produce energy from solar light for public,
. . . . commercial, industrial and residential applications;
(i) photovoltaic modules intended to be used in a
1 (1) equipment specifically designed solely for the purposes of research
SyStem deSIgned’ t ®) and development only made available on a business-to-busmess
basis.
6 [1] RoHS-Richtlinie, 2011/65/EU. RoHS: Restriction of Hazardous Substances (in Europe)
-
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The problem with lead (Pb)

RoHS - Directive @

Calculation

= 13.4 g Pb (for Sn60Pb40) inside one PV module
= ~30 kg module weight
= 0.0134 kg /30 kg =0.04 %,, <0.1 %, l‘

7 [1] RoHS-Richtlinie, 2011/65/EU.
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RoHS - Directive
The problem with lead (Pb)

Is a PV module a homogenous material? [

= No, BUT:
= Solder alloy = homogeneous material
= Metallization = homogeneous material

= Therefore: The max. concentration of 0.1 %,,;

refers to the solder alloy itself

3

Calculation

= 13.4 g Pb (for Sn60Pb40) inside one PV module
= ~30 kg module weight
wit. l‘

= 0.0134 kg /30kg=0.04 %,, <0.1 %
Correct calculation

= 34 g solder alloy inside one PV module
© 13.49/349~40 %, » 0.1 %,,

L

-~ Current RoHS exemption is under revision — Pb content exceed 0.1 %,,, limit

- Developing Pb-free solutions to stay prepared for future requirements.

8 [1] RoHS-Richtlinie, 2011/65/EU.
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I-I Be Superheavy Elements 0 F Ne
Lithium | Berylium @ Elements 107-112: discovered at GSI Bh artificiall Oxygen | Fluorine Neon
11 12 O Elements 113-117: confirmed at GSI elements 17 18
Na M Cl Ar
Sodium Magnes% 3 4 5 6 7 8 9 10 1 1 1 2 Chlorine Argon
19 20 21 22 23 24 25 26 27 28 29 30 35 36
K| Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Br Kr
Potassium | Calcium | Scandium | Titanium | Vanadium | Chromium | Manganese Iron Cobalt Nickel Copper Zinc Bromine Krypton

39

37 38 40 41 42 43 44 46
Rb|Sr Y Zr NbMo Tc Ru Rh | Pd Ag Cd In

Rubidium | Strontium Yitrium Zirconium | Niobium |Molybdenum| Technetium | Ruthenium | Rhodium | Palladium Silver Cadmium rdum I

57-71 74
*

55 56 72 73 75 76 78 79
Cs Ba 1o Hf Ta W Re Os Ir Pt Au Hg Tlx
Caesium Barium I.u Hafnium | Tantalum | Tungsten | Rhenium | Osmium Iridium Platinum Gold Mercury Thallium eal

89;103 104 | 105 | 106 | 107® 108® 109® 110® 111® 112® 1130 1140

87 88
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Francium Radium Lr |Rutherfordium| Dubnium | Seaborgium |  Bohrium Hassium | Meitnerium | Darmstadtium | Roentgenium | Copemicium | Nihonium | Flerovium

61 62 66
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‘Lanthanides |3 | Ce  Pr [Nd Pm Sm Eu Gd Tb Dy Ho Er

Lanthanum | Cerium | Praseodymium | Neodymium | Promethium | Samarium | Europium | Gadolinium | Terbium | Dysprosium | Holmium Erbium

Goodbye, Lead!
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89 90 91 93 94
“actinides AC| Th Pa' U Np Pu AmCm Bk Cf Es Fm

Actinium | Thorium | Protactinium | Uranium | Neptunium | Plutonium | Americium | Curium | Berkelium | Californium | Einsteinium | Fermium

But what's next?

9 PSE image: https://superheavies.uni-mainz.de/periodic-tables/
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29

Cu

Copper
50 | ¥
A
sTn Silverg
in

Hello, SnCuAg!

Lead-free, but full of potential

10 PSE image: https://superheavies.uni-mainz.de/periodic-tables/
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Tin-Silver-Copper Solder

Pb-free alloys in electronics & research gaps for PV

Short Profile of SnAgCu (SAC) alloys:

= Typically used composition SAC305:
Sn96.5Ag3.0Cu0.5 (%, ) - T, saczos=217-219 °C 1]
= Widely used in electronic industry
Replacement of SnPb alloys after restrictions
= Sufficient mechanical, electrical and long-term reliability
properties!3-6l
Good wetting and solderability on Cu surfaces
High thermal fatigue resistance and mechanical stability
under cyclic loading

11 [1] H. Baker, ASM Handbook, 1992.
[2] Image created using Al tools
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Tin-Silver-Copper Solder

Pb-free alloys in electronics & research gaps for PV

Previous PV-related SAC studies are limited — mostly

outdated and not focused on feasibility and current

technologies
12 [1]H. Baker, ASM Handbook, 1992. [5] L. Zhang et al., ELTE & IMAPS/CPMT, vol. 52, no. 3, pp. 559-578, 2012, doi: 10.1016/.microrel.2011.10.006.
[2]Image created using Al tools [6]Z. Caiet al., ECTC, pp. 14931511, 2010 =
©Fraunhofer ISE [3] B. Szyszka et al., Curr Appl Phys, vol. 12, pp. 2-11, 2012, doi: 10.1016/j.cap.2012.07.022. ' N T ' ' A Fraunhofer
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SAC in PV modules 47 —

Research question & experimental approach Sn Ag Eﬂu -

Can SAC305 provide reliable interconnections while remaining compatible with standard industrial
processes despite its higher melting point?

Experimental approach: Variation of IR lamps set temperature:
= Mechanical evaluation of strings Tref. snpb 190 °C /220 °C
- Wetting behavior using 90° peel test!"] Tvtedium 200 °C /230 °C
= Electrical characterization of PV modules Thigh 210 °C /240 °C
- I-V measurements!?!
= Long-term reliability of PV modules , Materials:
- ' 3 : :
Thermal cycling & Damp heat tests = Cell technology: TOPCon, M10, hc, bifacial, 10BB
= Solder of ribbons (Cu core + solder):
Reference (Sn60Pb40)
SAC305
13 [1] Solarzellen - Datenblattangaben und Angaben zum Produkt fiir kristalline Silicium-Solarzellen (DIN EN 50461:2007-03), 2007.
[2] IEC 60904-3, Photovoltaic devices: Part 3: measurement principles for terrestrial photovoltaic (PV) solar devices with reference spectral irradiance data, in: IEC 60904-3:2019, Z(QF
©Fraunhofer ISE [3] Terrestrial Photovoltaic (PV) Modules — Design Qualification and Type Approval — Part 2: Test Procedures, IEC 61215-2:2016, 2016. / Fraunhofer
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First Quality Check after Stringing Process
Microstructure of the solder joint on TOPCon metallization

Required diffusion zones between solder and Cross-sections of solder joints on TOPcon solar cells
busbar

= An indicator of successful wetting and optimal

electrical contact
= Formation of intermetallic phase consisting of
Sn and Ag (Ag;Sn) U]

Sn60Pb40 (ref.)

SAC305

Digital microscope EDX element mappings

15 [1] H. Baker, ASM Handbook, 1992. EDX: Energy-dispersive X-ray spectroscopy
-
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What is the influence of process temperature on the wetting behavior and

mechanical adhesion of the ribbons? 5 5
- [ IMean + 15D front |
as L 5%-~95% | las
) || — Median Line '
Normalized peel forces should exceed 1 N/mm | W Mean 1
L . : : — 4.0 F 14.0
cirterion [ for sufficient mechanical adhesion s
E | ,
Z 3.5 e 135
= Peel forces of reference solder are higher than 1 N/mm  x ¢ :
. L == B ]
= Differences front and rear are expected & normal s 70 3.0 3.0
— B +28
2051 125
T
g | _
o 2.0 e 420
Q
N i T
(40] e, .
g 1.5 1.5
| _
Z 10 _1 E/rﬁm_Dlﬂ EE @421 __________ —110
05 Fsneopbsao 102
0 & (Tref,) 0
16 [1] Solarzellen - Datenblattangaben und Angaben zum Produkt fir kristalline Silicium-Solarzellen (DIN EN 50461:2007-03), 2007.

Temperature variation of IR lamps, hotplate constant: =2
©Fraunhofer ISE % FraunhOfEI"
public Trer: 190°C/220°C | Tyegiym: 200°C/230°C |Tyyqy: 210°C/240°C ISE



What is the influence of process temperature on the wetting behavior and

mechanical adhesion of the ribbons? ) -
- I Mean + 15D front ]
as |l 1 5%~95% 145
. — Median Line
Normalized peel forces should exceed 1 N/mm | W Mean 1
. . : : — 4.0 F 14.0
cirterion [ for sufficient mechanical adhesion 3 |
> 35+ 135
= Peel forces of reference solder are higher than 1 N/mm  x ¢ ]
= Differences front and rear are expected & normal E 30 7 M0 130
— B +28
: “E 2.5 | 4 2.5
= Comparison of peel forces: SAC305 vs. Sn60Pb40 3 ]
Peel forces of SAC ribbons > 1 N/mm o0 T 120
Peel forces on rear side of SAC ribbons are = e _1_._7 ____________ 1 -
higher SnPb values s | e o e e |
Z o ST —10
-> Standard process temperature (T, ) for SAC I 1
: ' 05 Fonsopba0  SAC305 70
alloys exceed very good wetting = e
0 & (Tref,) { T%-\:-I ) 0
17 [1] Solarzellen - Datenblattangaben und Angaben zum Produkt fir kristalline Silicium-Solarzellen (DIN EN 50461:2007-03), 2007.

Temperature variation of IR lamps, hotplate constant: =
SFraunhofer IS¢ ~ Fraunhofer
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What is the influence of process temperature on the wetting behavior and

mechanical adhesion of the ribbons? 5 5
- [_IMean + 15D front |
asl I 5%~95% | | las
. — Median Line
Normalized peel forces should exceed 1 N/mm | B Mean 1
L . : : — 4.0 F {40
cirterion [ for sufficient mechanical adhesion 3 40 28|
> 35+ 135
= Peel forces of reference solder are higher than 1 N/mm  x ¢ :
= Differences front and rear are expected & normal L;.J: 30 /7 M0 730
— B +28
| L 251 125
= Comparison of peel forces: SAC305 vs. Sn60Pb40 3 :
- Standard process temperature (T, ) for SAC alloys o0 T 120
; N i T
shows very good wetting Sospoo =17 16 _________ e 15
. . S | 1 N/mm DIN EN 50461 1
= Impact of different process temperatures on wetting “ 10— - - === === -1 1.0
behavior of alloys SAC305 I '

i i i i i 0> T'Sn60PbA0  SAC305 SAC305  SAC305 | °°
Higher melting point SAC is more noticeable on = ; T ; _
the front Side 0 & (Tref,) \ RL:‘f) Medium . H|qh) 0

18 [1] Solarzellen - Datenblattangaben und Angaben zum Produkt fir kristalline Silicium-Solarzellen (DIN EN 50461:2007-03), 2007.

Temperature variation of IR lamps, hotplate constant: =
SFraunhofer IS¢ ~ Fraunhofer
public Taer: 190°C/220°C | Tyjagium: 200°C/230°C |Tyygy: 210°C/240°C ISE
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What is the influence of process temperature on the wetting behavior and
mechanical adhesion of the ribbons?

Normalized peel forces should exceed 1 N/mm
cirterion "l for sufficient mechanical adhesion

= Peel forces of reference solder are higher than 1 N/mm

= Differences front and rear are expected & normal Adhesion of Pb/Bi-free solder on TOPCon

comparable to reference and in part better than
reference solder

= Comparison of peel forces: SAC305 vs. Sn60Pb40
—> Standard process temperature (T,.¢) for SAC alloys
shows very good wetting

= Impact of different process temperatures on wetting
behavior of alloys SAC305
= Higher melting point SAC is more noticeable on
the front side

19 [1] Solarzellen - Datenblattangaben und Angaben zum Produkt fir kristalline Silicium-Solarzellen (DIN EN 50461:2007-03), 2007.

Temperature variation of IR lamps, hotplate constant: =2
©Fraunhofer ISE % FI"a un hOfer
public Trer: 190°C/220°C | Tyegiym: 200°C/230°C |Tyyqy: 210°C/240°C ISE



Module Integration
Module performance initial

Initial /-V performance:

= Data confirms functional operation of all modules

= Fill factor FF stands out, as all module groups exhibit
a high fill factor above 80 %, which is indicative of a
good interconnection technique

= No significant differences observed between
process temperatures and solder alloys

20
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Max. Power P_
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i N=11 |
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Temperature variation of IR lamps, hotplate constant:
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Module Integration
Module performance after TC50

TC50 /-V performance:

= Data confirms functional operation of all modules
after TC 50
= Parameter degradation TC50 < -1 %,

= No unusual changes seen in EL images

= TC200 is still running

21
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RoHS Readiness & Process Feasibility of SAC305
No Pb, No Bi, No Ag? What's next?

RoHS compliance will require complete phase-out of SnPb solder
— Current SnPb-based modules exceed upcoming RoHS Pb limits
— PV industry should be prepared for lead-free interconnection

SAC305 tested on fired Ag contacts of industrial TOPCon cells

— Interconnection with industrial stringer and standard process successful
— Peel forces comparable or better than SnPb (1.5 — 4.0 N/mm)

— Module integration successful: Fill factors >80 %

— |-V data, Initial and TC50, show stable performance

h

w
wn

Normalized peel force Fiw [N/mm]

o

o

SAC305 proves technically and process-wise suitable as
a Pb-free alternative for TOPCon technology.

Yet, the question remains — when compliance becomes

mandatory, will cost still be the deciding factor or will there
be another choice?

~ ™~ w
o n [=}
| L

wn

o
n

(Thet)

| & (Tref) (TMed\um)

2 11.80

Max. Power P_

RoHS [1]
REACH EC [2]
China RoHS 2 [3]
China REACH 2 [4]
TSCA [5]

SAC305 SAC305
(Tref ) (T fium)

(Tref.) (THigh)
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Thank you for your attention!

Derya Guldali
Module Technology/Interconnection

Tel. +49 761 4588-2582
derya.gueldali@ise.fraunhofer.de

This work has been funded by the

st . . Federal Ministry for Economic Affairs
Visit our new Module Technology Evaluation Center: and Climate Action within the project

Module-TEC - Fraunhofer ISE " GreenSolarModules”.
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Supported by:

* Federal Ministry
far Economic Affairs
and Climate Action

on the basis of a decision
by the German Bundestag


https://www.ise.fraunhofer.de/de/fue-infrastruktur/tecs/module-tec.html
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