22nd EU-PVSEC, Fiera Milano, 2007

Abstract for Submission: Subject number 2/Subsectio 2.2
Title: The Commercial Application of Light Induced Electroplating for Improving the

Efficiency of Crystalline Silicon Solar Cells
G. Allardyce, J Cahalen, T. Ridler, J. Rasch, Oigéle = Rohm and Haas Electronic Materials

H. Fr hlich, H. Kappler. Gebr. Schmid GmbH

A Hubert, D. Wissen. Q-Cells AG

C. Rattey, C. Dube Evergreen Solar

S. Glunz, A. Mette, C. Schetter. Fraunhoferifusd for Solar Energy Systems
For correspondence: George Allardyce,

Rohm and Haas Electronic Materials, Herald Way,&btry CV3 2RQ, United Kingdom.
Phone: +44 (0)24 7665 4646 email: gallardyce @ratasltom

Purpose: This paper describes a novel industrial proces@nfreasing the efficiency of silicon solar cetig
improving the front grid line conductivity withowtoncurrent shading loss. The objective was achidwed
depositing pure silver (Ag) metal using a noveldarction scale Light Induced Plating (LIP) processra seed
layer grid of conventional screen printed silvestpa

Approach: Light induced plating is not new and indeed its f& solar cell metallization was first patented i
1979. Latterly Fraunhofer ISE had pioneered LIPaasetallization approach for high efficiency cebls a
laboratory basis. Subsequent publications haverteghdetween 0.3 — 0.5 % absolute efficiency gaimder
laboratory settings. Utilising LIP as a productmapable process compared with a laboratory teckmogsents

a new set of technical and economic challenges. foh@wving areas were targeted to create a prodnocti
worthy and value added solution:

Application of LIP: A limitation of screen printed silver paste megation for front contacts is the low
conductivity compared to pure metal. The LIP precasproach applies several microns of additionahtal
over a seed layer of screen printed paste. Thisepsoresults in lower series resistance of the Biole grid,
reduced paste usage by as much as 50%, and impeNetesign as a result of narrower and thinnef lgyers.
Equipment set: The benefit of LIP over conventional electropigtifor front grid metallisation is that the
electrical contacts to the wafers to facilitate aheteposition are much simpler. This enabled deraetnt of a
novel horizontal in line plater that does not reguseparate plating jigs. Cells are directly loadatb the line
enabling ready automation and integration intopttueluction flow.

Ag Plating Chemistry:Silver plating processes are traditionally basedaocyanide electrolyte which was
regarded as a production entry barrier for the RdUstry due to concerns over toxicity. Thereforenigque
stable cyanide free Ag chemistry has been intratludemonstrating capability similar to that of centional
cyanide containing Ag plating chemistries.

Participants: The cross functional nature of the team was afitto the success of the programme. Main
participants included: a major cell fabricator, established horizontal equipment fabricator, a majating
process chemistry supplier and a leading PV instivith practical expertise in LIP.

Scientific innovation and relevance:Until recently, LIP had only been demonstratedbr scale applications.
The advances made to the production plating equipraed Ag chemistry has extended the use of the LIP
process to production environments. Cell efficiemoprovements of 0.3% or higher have been veriviith
this production approach. Further, it has beenaesinated that plating process has the capabdifynprove
cell performance by utilizing new cell designs ootrently achievable with standard screen prirtirtetogy.
Results: A prototype production in line LIP plater was wihproduction capacity of 400-500 wafers per hour.
The Ag plating electrolyte used was non cyanideli&adevelopment studies had demonstrated comjgarab
results with a cyanide system. The process wasatgzbmperiodically over a 9 month timeframe. Sinedat
production runs were conducted processing manystrals of wafers to quantify cell performance gains,
characterise the process and validate end produitiutées such as solderability module assembly ageing
tests for durability. Overall typical efficiency iga after LIP of 0.3 -0.4 % absolute were achieveten
compared to production screen printed cells on 156mm multi-crystalline wafer substrates. Process
capability and value added has been demonstratesllifie has since been upgraded in size and wilento
mainstream production early 2007. Initial resultsa ribbon Si prototype production line are alkovéng
similar cell performance improvements.

Conclusions: A light induced silver plating process over a skser of screen printed and fired through silver
paste has been developed and qualified in an inalushvironment. Efficiency gains of 0.3-0.4% hadween
consistently demonstrated relative to standard ymtooh cells. The process utilises horizontal meliplating
equipment coupled with non cyanide Ag electrolytd & capable of handling various wafer sizes. Guslels
have demonstrated that the revenue gains fromapchcess outweigh the cost of implementation anding.

It is anticipated that this process will be widatjopted for Silicon solar cell fabrication.
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Purpose

This paper describes a novel industrial processnfmeasing the efficiency of silicon solar cells improving
the front grid line conductivity without concurrestiading loss. The objective was achieved by dgpgspure
silver (Ag) metal over a seed layer grid of coni@mal screen printed silver paste using a novetlgpction
scale Light Induced Plating (LIP) process. LIP haeen reported elsewhésed the principles are shown in
figure 1 with a plated grid line in figure 2
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Figure 1: Schematic of the LIP process. Figure 2. Micrograph showing LIF
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Performance improvements using this route on ar#bry scale have been previously repditédpically
between 0.3 — 0.5 % absolute efficiency gain has Iseen in a laboratory type setting using bothx156mm
conventional multi-crystalline cells and stringhidm substrates. The challenge now was to achiewéasi
performance gains versus standard production icefigeal production setting.

Approach
The light induced plating phenomenon is not new iadged its applications for solar cell metallinatiwere
initially patented in 1979 However for many years it remained more a cuijoian a viable production
process. Latterly Fraunhofer ISE had pioneeredddR metallization approach for high efficiencyisen a
laboratory basis. What makes LIP attractive congbémeconventional plating is that it simplifies tbkectrical
contact system. Utilising this technique succefshg a production capable process compared wahaatory
technique comprises a whole new set of challerfgasthis to be attained, key factors are that isthprovide
technical benefits and concurrently be cost effectprovide value added and should seek to minifméssth,
safety and environmental risks.
The following key aspects were of major impactcéhiaving these objectives:

The Application

The Equipment
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The Silver plating chemistry

The cross functional participants
Application of LIP: The major feature that has led to almost univeusa of the screen printed paste fire
through process industrially is that it is fundatadlg a simple production route. The process d@&lseveral
drawbacks which limit its performance such as, poonductivity relative to metal, contact resistance
limitations, grid width restrictions, handling dagea Additionally the silver paste material is arpensive
consumable. Yet despite such limitations it is esieely used because it is simple and it works. ther
industrial application of plated contacts with Ltife approach pursued was therefore to retain thplisity
benefits of the screen print route but improveemhnical limitations. A key limitation was the laenductivity
compared to pure metal and given that resistanpeojgortional to conductor cross sectional areatstsntial
quantity of paste has to be deposited to achieitabdel grid line conductivity. The LIP process eggrh was
therefore to apply several microns of additional rAgtal over a seed layer grid of screen printegbsipaste.
Given that the plated Ag metal was much more caiienabled not only improvements in series rasist
but also optimisation of grid geometry resultingharrower and thinner printed grid seed layer sithne 50%
less silver paste usage. This was an importantibaixr to the cost effectiveness of LIP.
Equipment set: The crucial benefit of LIP over conventional ¢teplating for PV front grid metallisation is
that the electrical contacts to the wafers to iiaté the metal deposition are much simpler. Thedr enabled
development of a novel horizontal in line plateattdid not require separate plating jigs. Cellsld@aberefore
be directly loaded onto the line and enabled reathgration into the production flows. This contribd to
overall process viability by facilitating automatianinimising handling and, by inference, maximigiield.
The production prototype sited at a cell producfarility is shown in figures 3 and 4.

Figure 3: In line LIP process equipment Figure 4: Plating chamber

Ag Plating Chemistry: Silver plating processes are traditionally basadaocyanide electrolyte. This was
regarded as a production entry barrier for the RyUstry due to concerns over its toxicity. Althougbn-
cyanide Ag plating chemistries are known they hasebeen significantly adopted for commercial apgilons
and previous reportsdeclare cyanide free chemistries as being ungaiti LIP. With this new process
however a novel cyanide free Ag chemistry has bdmmonstrated as having good stability and capgbilit
similar to that of cyanide systems for LIP.

Participants: The cross functional team was critical for succesth each bringing specific areas of
contribution to the programme. Principal partnessev A major and supportive cell fabricator. Anabtished
in line equipment fabricator already supplying B\ industry but crucially with expertise in horizahplating
equipment for the electronics industry. Similarhe tplating chemistry supplier was a major vendoswth
processes to the electronics and finishing indest\ leading institute provided not only technglagput but
practical expertise in LIP and enabled comparidagh@industrial process against the laboratorycherark.

Scientific innovation and relevance

Although LIP was known, it had not previously beetilised for this specific application of enhancing
performance using a screen printed grid seed I&yeren cell efficiency gains attributed to redgcthe series
resistance of the grid without increasing the sthgdiave been shown. Indeed moving forward an dvera
reduction in shading can be facilitated dependanthe capability of the printing process to prodtioe lines.
The LIP process route enabled jig free in line poidn equipment for solar cell plating to be depeld for the
first time ever (as far as is known). This has m@&n successfully proven in a production envirortmen

A non cyanide silver plating electrolyte has bestaldished and for the first time ever has beenotsimated as
capable for LIP not only in a laboratory setting also for production. Further the complexant mdiegradable
and added to the non cyanide attribute enableslaimmste handling and facilitates the adoptiorplating
processes for PV applications. Overall this iséweld to be a radical development for silicon baseld
production and one that is likely to see widespradaption.

Further it has demonstrated that plating procededsave viability and capability to improve cellrfmemance

in a mainstream production setting laying the fatiah for further development of plated metalli@atroutes.

Results:
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A prototype production in line LIP plater was bualtd installed at a major cell fabricators facilithis was a
novel jig free design enabling wafers to be disekibded onto the line conveyor. There was a higgrek of
automation built into the line. Capacity was 40@-%@afers per hour.

The Ag plating electrolyte used was non cyanideli@alevelopment and studies had demonstrated ambfe
results with a cyanide system. See table 1 whidwshone such comparison on Si ribbon substrate.cell
Similar results have been achieved on cells fronventional multi-crystalline sawn substrates.

Bath type

Post JI

# wafers

%Eff before LIP

YEff aft

erLIP

Voc

Isc

FF

%Eff change

Ag CN

yes

23

13.54

14.15

0.6018

3.83

73.66

0.61

no

23

13.4

14.15

0.6024

3.834

73.49

0.75

Enlight non CN

yes

83

13.66

14.17

0.6009

3.809

74.29

0.51

no

57

13.37

14.14

0.6007

3.815

73.53

0.77

No plating (control)

no

50

13.76

13.76

0.5988

3.766

73.23

0

Table 1: Comparison of cyanide and cyanide free platingrekigies for LIP

After set up of the plating equipment and chemiskry process was operated periodically over a 16thmo
period. Simulated production runs were conducteacgssing many thousands of wafers to quantify cell
performance gains, characterise the process amdat@lend product attributes such as solderahifibgdule
assembly and ageing tests for durability. Oveta#l €nabled the viability of the process with neeeg controls

to be refined for production worthiness. Overapitgal efficiency gains after LIP of 0.3 -0.4 % al&e was
achieved when compared to standard high end priodustreen printed cells on 156x156mm multi-crystel

wafer substrates silver LIP. Similar results orbab Si material was also shown though not at
this time in production type volumes.

Test | #

lot cells Type %Eff Voc Isc Rs FF
1 5220 LIP 15.60 606.34 - 0.28 | 77.05
2 | 12667 LIP 15.39 603.14 | 32.99 | 0.25 | 77.39
3 | 34641 | Production | 14.97 602.31 | 32.61 | 0.75 | 76.23

Table 2: Results summary for large scale runs Paste + LIP
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Figure 5: Screen mesh grid width versus absolute efficiaggags

Another feature seen was the ability to “recovesbity performing cells. The mechanism and impacthig
has yet to be quantified however the observatiem $& that some poorly performing cells standaits show
very substantial gains after LIP presumably dutdpair” of defective screen printed grid.

Conclusions

A light induced silver plating process over a stgar of conventional screen printed and fired tlgto silver
paste has been developed and qualified in an indushvironment. Efficiency gains of 0.3-0.4% hrat setting
have been consistently demonstrated relative tolatd production cells. The process utilises azoatal in
line light induced plating line with a cyanide frég electrolyte. Cost models have demonstrated thet
revenue gains from such a process outweigh the abstnplementation and running. As such scale up
production lines of typically 1000 - 2000 cells eur are due for commercial installation duringukry 2007
and onwards. It is anticipated that this procedishe&iwidely adopted for Silicon solar cell fabriicen.

References: Wwill be included in paper



