Table of content

1 INEFOAUCTION ettt ae s 1
1.1 Motivation and Aim of this WOrkK.........ccccevueverieiiiniinicninicnenninenicncsienens 1
1.2 OUutling Of the WOTK ....cceeeirieeriiiiniiiciceenict et 4
2 FUNAmMENtals .......ccocevviiniiiiiniiiinicii s 7
21 Electrical Contacts of Silicon Solar Cells ......cccceeeevieriiirncnsinieninicninicncnnens 7
2.1.1  Crystalline Silicon Solar Cell........ccoeveueeirvirnennenneeiineneereseeeeceseessesnenne 7
2.1.2  Electrical Characteristics of Silicon Solar Cells........cc.ccoceriivuinirnenenucnnnnne. 8
2.1.3  Metal-Semiconductor CONtaCt .......cccceveeveerirniininiiniininsienenreseseessesanens 10
2.14 Passivating Contacts......cceviiiiiiiiciiiinicniccne e 12
2.1.5  TOPCoN Solar Cell DESIBN ....cccevurvrerurcririrircririississsessississsesssssessnesessens 13
2.2 State-of-the-Art Bifacial Metallization ...........ccccoceviviiincnccennnniencncnecnne, 14
2.2.1  Printed Metallization.......c.cceeeeiiiininiinieninicniicneeceseeene 15
2.2.2 Plated Metallization ......c.cceeieieniniiiininicicr e 17
2.2.3  Solar Cell Contact RESISLIVILY .....cccerirruireeernieniniiineneniencsresiessesssessennns 19
Bibliografische Informationen E
https://d-nb.info/1277763356 digitalisiert durch 1

BLIOTHE


https://d-nb.info/1277763356

2.3 Chemical and Electrochemical Metal Deposition and Anodization

ON SIHCON ettt ettt st a e e n e s a e nes 22

2.3.1  Chemical or Electroless Metal Deposition..........ccceevvreveereereenerseennenseesenens 22
2.3.2  Electrochemical Metal Deposition .......ccccueeerverrerieeeceeeseeeinerereeerseesneenanes 25
2.3.3  Bifacial Plating Effects ....cccceeerreiriecnccninnenieerenrrennenesrrestesressessesnessnensenes 30
2.3.4  Galvanic Anodization of SIlICON .......ccceceverrenieririeicenenenerernse s srennens 31
2.3.5  Post Plating ANNEaling ......cccceerecerririrnieneenieseesreseseesresseeseessassaesaassaenns 31
24 Characterization Methods ..........cccevereeeruinieniesiccernerereee s 32
2.4.1  Electrical PrOPEIties .....cccoviiccernrinirsrenriireersesreseessessenseessessesssessasssassssssenns 32
2.4.2  OpPtiCal PrOPErties .......cccvveerercieneeieenesceescaessessessessesssessessssssessssnsessessenns 36
2.4.3 Recombination Properties ......cccccueevuerveerireinienieecvieeseecreeeseeessessnesssesnnns 37
EXPErIMENTAl ..iiiiiiirieieicieeiect ettt eeesae e s srr e e e e e s sea e st e s e e saassnresnenenen 39
3.1 Backend Process for Plated Bifacial TOPCon Solar Cells ........ccocevueevereennenee. 39
311 SAMPIE DESIBN ..ueeeciieereicrterrercrescreeesteesae s sreseeesseseseesssesseesraessaesssennsann 40
3.1.2  Laser Ablation and Contact FiriNG ......cceceevvererriennereereenseesueneessenesssessenens 41
3.1.3 Inline Electroplating ProCeSSes......couivuiiceerieersreeniercnesseessseessseesnnessasssnns 43
3.1.4  Contact ANNEAIING ....cccueevereieeriirrierrectre st csteeceeseeessre s e e s snesssesssnessanenns 46
3.2 Characterization.......cccceeiiiiniininiieteiee ettt resstessassnessesnns 47
3.2.1  IV-Characterization .........cccvceiiviiiiininicnicninniecseese e sessenes 47
3.2.2  Confocal Laser MICrOSCOPY .....ceeerseereeeuesreressuesieniensesseessescsssessesssessesses 48

3.2.3  Flexible Contact Sheets as Temporal Contact for Plating.........ccccceueruneee. 50



3.2.4 QUOKKA3 SIMUIGLION .eeeiriereeiieccite et s e e s s see e s aee s 54

4 Modelling Simultaneous Electroplating for Bifacial Silicon Solar Cells.................... 57
4.1 Current-Voltage Model for Simultaneous Bifacial Plating
of Bifacial Silicon Solar Cells .........ouueceriniininininiiiiienenns 57

4.1.1  Basic Electrical Contact Design for Simultaneous

Bifacial EleCtroplating......ccveceeeeenrirenireriesstenseseseressesstesessssseessesssessnsssens 57

4.1.2  Equivalent Circuit Simulation Model for Bifacial Electroplating

Of SIlicoN SOlar Cells......ccceveriineriiiiiiniisiciccecen e 59

4.2 Case Study of Simultaneous Electroplating for Bifacial Silicon Solar Cells .... 68
4.2.1  Simultaneous Bifacial PIating by FBP .......cccviivviriveinreenrerserereecieesseneneens 68
4.2.2  Simultaneous Bifacial Plating by LIP .......ccceeeviiniininniiniiiciiiiiiiieieenn 70

4.3 Model Validation and Proof-of-Principle of Plating for Bifacial

SIlICON SOIAr CeIIS..c.uiiiirririiieirienie et aens 71

4.4 CONCIUSION ..cuveiirciiiiiiiicie it sre e s ab s s b sb s e e s s s sasssanesanns 77

5 Development of Inline Plating Sequence for Bifacial Solar Cells.......cccceeeereerruerunne 79
5.1 Sequential Electroplating Approach for Bifacial Solar Cells..........cccceoureueeneene 80
5.2 Contact Design for Bifacial Electroplating Concept......ccooveeeveeeverrceererereseennen 81
5.3 Plated Metal Layers.......ccccoiiviiiiinniinnicniineniinininencnesencnssseesesssenne 88
5.3.1 Plating Distribution.......cccueeieveiiiiiiiinreccer e 88

5.3.2  Contact ADNESION .....cciviiviiiiiiiniiiictst et 93

54 Parasitic Plating SEQUENCE Effects........cccvevrrerieirceenienieenrne e veesseessnessneeesneanne 94

5.5 Electroless Seed Layer Deposition........ccveeveereesiienreeesieeeseeessneseesssessseensnes 106



5.6 {07073 Tl (11 1o TSRS 114

6 Electroplating of Bifacial i-TOPCon Solar Cells.........ccceeerrrrrrenienenreniereereeeeensennen 117
6.1 Plating Metallization for Industrial Bifacial i-TOPCon Solar Cells................. 118
6.1.1  Champion IV results of plated bifacial i-TOPCon solar cells.................... 118

6.1.2 Evaluation of Power Loss Analysis of Bifacial Plated i-TOPCon

S0lAr CellS ...ttt e 122

6.2 Synergy of Plated Contacts with Poly-Si Layers Below 100 nm................... 137
6.2.1  Status Quo and OPPOrtUNILIES .......cccecerveerirnierrernieniereereeeeseeseesresaeenes 137

6.2.2  Reduction of Poly-Si Layer ThiCKNESS .........ccuerverreeecieeereeeeneeireeeeeesneenne 139

6.3 Evaluation of Cost-0f-OWNErship........cccevererveerenrinrenieereenesreesesseesresnenne 147
6.4 CONCIUSION. ..ttt ettt sttt s e e n et st sresaesne e snnssanen 150

7 SUMMArY aNd OULIOOK. ....cicuerrieiirreiitenenteetesteseesteseseteseeessesseessessessessessassensannns 153
APPENAIX ceerieriiereieenrrensieiireesiteesseeseeeseeesaeesssessseessseessesssaessessssesssessseessesssessssesasenseesnses 161
List of Constants, Symbols and ACTONYMS .......civiiriierieinrieiieenireeseesresseesssesssessssesseeenns 177
SYMDOIS «.eveereertere ettt s se e s ae s e e e e s e e st e e saaessaeesse e s s e s saeesrseenseeeraeeraeereerraes 177
ACTONYIMS weiiiiiiiiiiieiiiiie ettt st s e e s s et et sesesessaessssneesesssesssasassssssesssssessssssaens 179
CONSEANES .oeiiiiiiiiiii et sae s sn s snessa e s snesnasns 181
List Of PUDIICAtIONS ....coviviiiiiiiiiiicicii et 183
8 REFEIENCES ...ttt ettt et ss ettt saesaene 189

ACKNOWIEAGMENTES ....eeiiiiiieritiiieiiteeteesnteete e e stessreee e essreesstesssesssnesseessssesseasssessssessnens 211



