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ABSTRACT  

Copper (Cu) plating can reduce the consumption of silver for silicon (Si) photovoltaic 

manufacturing, whilst also offering the potential to increase cell efficiency by way of reduced 

shading due to very narrow fingers and contacting Si surfaces without requiring high dopant 

concentrations. A cost-effective and reliable plating method for both n-type and p-type Si 

surfaces can make possible low-cost Cu metallisation for a range of different cell structures. 

A single side plating method called field-induced plating (FIP), also known as forward-bias 

plating, was developed to plate metal contacts to p-type Si surfaces. This process was used in 

combination with light-induced plating (LIP) to fabricate Cu-plated bifacial laser-doped Si 

solar cells with efficiencies of up to 19.2%. However two key performance limiting factors 

were identified: (i) increased recombination due to p-type laser-doping (which limited the fill 

factor of cells to 75%; and (ii) poor adhesion of the plated metal. 

The introduced recombination was analysed using injection-dependent lifetime analyses of 

quasi-steady-state photoluminescence and photoconductance (QSSPL and QSSPC) 

measurements. Although boron laser doping resulted in the local ideality factor increasing to 

~1.5, the introduced recombination could not be analysed assuming a single Shockley-Reed 

Hall defect. Since some activation of the deep-level boron-oxygen (B-O) defect was 

suspected during cell processing, the recombination properties of this defect were analysed. 

The electron/hole capture cross-section ratio of the B-O defect was estimated to be 9.7±1.7 

and 9.7±1.9 using QSSPL and QSSPC measurements, respectively, performed after belt 

furnace annealing, light soaking and regeneration of wafers that were symmetrically-

passivated with SiNx and rapidly annealed after deposition.  

Surface roughness was identified to be a key factor for contact adhesion. It was shown that 

use of a UV ps laser to ablate the SiNx antireflection coating to form openings for a plated 

metal grid can result in average 180º pull test forces of 2.1 N/mm, substantially exceeding the 

industry benchmark of 1 N/mm. Pull forces were too low to be measured for laser-doped and 

ns UV laser ablated openings. However, due to different plating rates occurring across a cell 

in LIP, busbar pull forces were shown to not always be a good indicator for plated finger 

adhesion. Stylus-based finger adhesion measurements were therefore used to demonstrate 

how contact formation, plating rate and chemistry, grid geometry and annealing can all affect 
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finger adhesion. This thesis presents a compelling case for metallisation metrology if reliable 

plated metallisation is to be achieved in an industrial environment.  
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CHAPTER 1                                                    

INTRODUCTION 

1.1 Background and Motivation  

Extraction of current from silicon (Si) solar cells requires that metal electrodes, or contacts, 

are formed to each of the n and p polarities of the Si absorber. In the dominant industrial Si 

photovoltaic (PV) technology, metal contacts to the cell are formed using screen-printed 

silver (Ag) and aluminium (Al). In 2016 the typical manufactured Si solar cell used 100 mg 

of Ag [1]. For mass production where in excess of 3000 wafers are produced in every hour 

[2], this amounts to ~ 50 kg of Ag being required per week. The monetary value of these 

large amounts of Ag and the capacity of the world’s resources to supply the necessary metal 

needs to be considered if production of Si photovoltaics is to expand to levels of  80 GW year 

by 2022 [1]. 

Silver was one of the earliest forms of casted money and used for possibly the earliest mass-

produced coins that were traded. Silver usage in coins dates back to Ancient Greece (see 

Figure 1-1), however it was quickly adopted worldwide as the preferred metal for coinage. 

Consequently, the first thing that people often think of when Ag is mentioned is “monetary 

value”.  

 

Figure 1-1. Silver coin from CALABRIA, Tarentum,  Circa 302 BC (from [3]). 
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Besides being used for coins and more generally for financial currency, Ag has evolved to 

have many applications due to its unique chemical properties (see Figure 1-2). Its shiny 

appearance makes it attractive for use in jewellery, with the metal’s monetary worth 

contributing value to items. Silver’s ability to disrupt the growth of bacteria has resulted in its 

use as an antibacterial agent [4]. Wound dressings containing Ag have been used for more 

than a century with soldiers in World War I, in the absence of antibiotics, relying heavily 

upon such dressings [5]. In more recent times, Ag has been used in many medical 

antibacterials [6], added to drinking water in airlines, food packaging and used for swimming 

pool purification [7-9]. Finally Ag’s high resistance to corrosion and electrical conductivity 

has made it an ideal electrical conductor for not only solar cells, but a wide range of electrical 

and electronic devices. This presents a picture of a highly versatile and useful metal, being 

increasingly in demand for a range of applications. However, due to Ag’s investment value 

its price is highly volatile. 

 

Figure 1-2. Silver usage in different industries (from [10]). 

 ‘Forget gold, silver is on fire and could hit $25 an ounce by the end of 2016’, a recent media 

article by Saefong [11] reported. This view is shared by many investors [12-14]. As Figure 

1-3 shows, the spot price of Ag fluctuated like a roller coaster between the years 2003 to 

2016, climbing to a peak of ~US$1400/kg in 2011, and then rapidly dropping to values of ~ 

US$500/kg recently [15]. Although the prices of Ag pastes for PV manufacturing do not 

necessarily numerically reflect the base metal price because the paste manufacturers typically 

buy metal at contract prices which can effectively smooth some of the variations, ultimately 
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the base metal price is reflected in the prices that PV manufacturers pay for their pastes. The 

2013 Edition of the International Technology Roadmap for Photovoltaics (ITRPV) report 

quoted Ag paste prices in the order of UD$1000/kg in 2012  [16]. 

Although the price of Ag tends to track with that of the other investment metal gold (Au), Ag 

is known as “the poor man’s gold”. It is relatively cheaper, however in recent years, due to 

the instability of the Chinese stock market, large amounts of (Chinese) money has been 

invested in Ag and, due to the large population of China [11, 17-20], it was predicted that the 

Ag price would begin increasing again towards the end of  2016 [11, 12]. Figure 1-3 seems to 

suggest that indeed the Ag price is trending upward. 

Whilst Ag is subject to this price instability, the price of copper (Cu) has remained relatively 

stable and significantly lower than that of Ag between 2003 and 2016 (see Figure 1-3). This 

stability is in part due to the large available resources of Cu on Earth. It is estimated that there 

are 10
14

 tons of Cu located within 1 km from the Earth’s surface [21]. It is predicted that with 

the current Cu production rate, the Earth’s Cu resources will last 5 million years assuming 

that all new Cu is mined. The fact that most of the Cu is relatively near to the surface means 

that mining can be relatively lower cost. Copper can also be effectively recycled [22, 23], 

thereby extending the Earth’s resources further. Consequently, historically the Cu price has 

remained low, and in the last 20 years it has not exceeded $8.27/kg. Moreover, due to Cu’s 

excellent electrical conductivity of 5.96 × 10
7
 S/m, which is only slightly lower than that of 

Ag’s 6.30 × 10
7 

S/m, and its durability, Cu has been widely used for electrical conduction 

wires. The above-mentioned properties of Cu make it extremely attractive for large-scale 

manufacturing.  
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Figure 1-3. Comparative Ag and Cu prices in US$/kg between 2003 and 2016 (from [15, 24]). 

Returning now to the use of Ag in Si PV metallisation, although the screen printing of Ag 

pastes is a well understood process with a mature equipment market, if the peak Ag paste 

prices of 2012 were to return (i.e., in the order of UD$1000/kg [16]), then Ag metallisation 

costs at a production rate of 3000 cells/hr would increase by almost a factor of two to ~ 

US$50,000 per week. More importantly, if the Ag metallisation was replaced by Cu 

metallisation on an equal weight basis, metallisation costs could be reduced to less than 

US$500 per week for production of 3000 cells/hr. This sobering scenario provides the 

motivation to develop Cu-based alternatives to screen-printed Ag metallisation for Si PV and 

is reflected in a predicted trend to Cu metallisation at the expense of screen-printed Ag in all 

of the ITRPV reports published since 2010. The 2016 ITRPV report predicts that by 2026, 

~30% of the Si solar cell market will have adopted Cu plating (see Figure 1-4).   
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Figure 1-4. Predicted market share trend for different front side metallization methods (from [1]). 

The most effective way of forming highly conductive metal grids using Cu is to use metal 

plating. Several companies and research institutes have demonstrated the possibility of Cu- 

plated metallisation. Solarex used electroless nickel (Ni) deposition followed by solder build-

up to form the metal contacts for the interconnection of their terrestrial cells [25, 26] in the 

1970s. Then, in the early 1990’s, the buried contact Si solar cell was introduced by Wenham 

and Green [27, 28]. This cell design used electroless plating, with a Ni seed layer and Cu 

being plated in selectively-doped laser grooves [29, 30]. Due to the reduced shading (as a 

result of the narrower plated fingers) and the use of a selective emitter, higher cell 

efficiencies were achieved using the buried contact cell design than were possible with cells 

metallised using screen printing at that time. BP Solar commercialised the buried contact cell 

design as its Laser Buried Grid (LBG) Saturn technology and continued to produce modules 

using this technology until 2009. Saturn modules have now been operating in the field in a 

Toledo (Spain) power plant with a performance ratio that exceeds that of comparatively-aged 

screen-printed modules [31]. This result suggests that the Ni/Cu/Ag plating process used by 

BP Solar was sufficiently reliable for field operation, and indeed may provide some 

advantages over the screen-printed metallisation used at the time in terms of module 

longevity in the field. 
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Nickel/Cu plated metallisation was again introduced into production by Suntech in their 

laser-doped selective-emitter (Pluto) technology [32, 33].  Suntech replaced the electroless 

plating process with light-induced plating (LIP) [34] making possible lower-cost bath 

maintenance and a faster, higher throughput process [26]. However unlike BP Solar’s Saturn 

cells, Pluto cells with plated busbars could not be interconnected by soldering [35, 36]. This 

necessitated a more complicated fabrication process in which busbars were screen-printed 

and fingers laser-doped and plated.  Furthermore, Pluto production was plagued by reports of 

plated finger peeling [37], a problem which was not experienced by BP Solar, presumably 

due to the ‘buried’ nature of the metal grid where the sidewalls of the grooves could increase 

the adhesive contact area.  

The added process complexity and quality control requirements of Suntech’s plated 

metallisation process eroded any efficiency advantage that the Pluto selective emitter may 

have initially promised. This led to Suntech abandoning its Pluto production in favour for a 

more standard screen-printed Si PV production process. Since then, although the solderability 

of plated busbars has since been demonstrated to be possible through the use of ps laser 

ablation [38-41], plated metallisation has failed to find traction in Si PV production due 

largely to the relatively low prices of Ag pastes and the continuing efficiency improvements 

of screen-printed cells made possible by innovations in both emitter engineering, pastes and 

equipment. However with the price of Ag pastes expected to increase in the near future, it 

will be important to address some of the problems that have been experienced in the past with 

plated metallisation so that reliable, low-cost Cu-plated modules can be produced in large 

scale manufacturing. 

1.2 Thesis Aim and Scope 

With the motivation of reducing the metallisation cost of Si PV cells by using Cu as the main 

conductor instead of Ag without the reduction of cell efficiency, the aim of this thesis was to 

investigate industrially-feasible processes for contact formation and metal plating for p-type 

Si solar cells, and in particular, to further the understanding of the role of contact formation in 

fabricating reliable and adhesive plated metal contacts.  

The research that was conducted as part of this thesis firstly focused on developing a robust 

and high-yield plating method that could be used to deposit metal on both the n-type and p-

type surfaces of bifacial Si solar cells. This initial study highlighted a number of issues to 
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address which included: (i) the generation of surface and deeper defects during laser doping 

processes; and (ii) the poor interfacial adhesion of the plated metal fingers.   

Experiments were then conducted with a view to understanding the cause and nature of the 

laser-introduced defects by monitoring the injection-dependent effective minority carrier 

lifetime using quasi-steady state photoluminescence (QSSPL) and quasi-steady state 

photoconductance (QSSPC) as the cell was progressively fabricated and then degraded due to 

exposure to light.  

Finally, a new stylus based adhesion tool was used to assess the adhesion of the plated metal 

fingers thus enabling process improvements in the plating processes that were being used. 

Used in conjunction with conventional busbar pull tests, experiments were performed to 

determine the relationship(s) between the plating process and finger and busbar adhesion. 

1.3 Thesis Outline 

Chapter 2 reviews existing contact formation methods used for Si solar cells providing a 

historical context. Methods developed to improve the cell efficiency and reduce cell 

metallisation cost (e.g., by reducing finger thickness) are also discussed. A review is then 

presented of the use of plating for Si solar cell contact formation, with examples of 

electroplating and electroless plating being discussed. Finally, plating tools that have been 

developed for lab scale research use and large-scale production are critically reviewed.  

The development of a new method which enables the plating of Ni and Cu to p-type Si, called 

field-induced plating (FIP) is reported in Chapter 3.  The FIP process, which evolved from an 

earlier contactless electroplating (CLEP) process, enabled metal contacts to be plated to p-Si 

surfaces. Used in conjunction with LIP, FIP makes possible the plated metallisation of 

bifacial cells. The chapter reports on the optimisation of the p-type and n-type laser doping 

processes and refinements in FIP which enabled bifacial Cu-plated laser-doped cells with an 

efficiency of 19% to be fabricated. The performance of the fabricated cells was limited by a 

low pseudo fill factor (pFF) attributed largely to the laser doping on the p-type surface. A 

further limitation of the process was the relatively poor adhesion of the plated grid. Not only 

did this poor adhesion prohibit the soldered interconnection of cells, periodic finger peeling 

was also observed. 
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The experiments reported in Chapter 4 aimed to gain an enhanced understanding of the 

underlying reasons for the low pFF observed in the bifacial cells fabricated and reported in 

Chapter 3. Thermal treatments and light-induced degradation resulted in reductions in pFF 

and increased local ideality factors. With the aid of QSSPL and QSSPC, the effective 

minority carrier lifetime degradation, due to defect formation, was carefully monitored to 

understand how these defects changed with processing and how they potentially impacted the 

final cell efficiency. The injection dependent effective minority carrier, measured through a 

combination of QSSPL and QSSPC, was also used to estimate the capture cross section ratio 

for the boron-oxygen (B-O) defect in symmetrically-diffused boron-doped wafers, with the 

use of the QSSPL providing the low injection data.  

Chapter 5 examines the critical issue of plated contact adhesion and reports on the 

development of a new stylus adhesion tester tool to evaluate the plated finger adhesion. The 

importance of surface roughness of the laser-processed regions in determining whether the 

plated grid is solderable is discussed and the basic principles of how plating process 

parameters (e.g., plating speed and plating electrolyte) can cause stress differences in the 

busbars and fingers which can result in finger peeling, even in cases where the busbars were 

able to be soldered, are explained. The chapter concludes with a discussion of how the laser-

doping process could be adapted so that improved plated contact adhesion can be achieved.  

Chapter 6 concludes with a summary of the key results of this project, the original 

contributions from the author and suggestions for further research.  
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CHAPTER 2                                                   

LITERATURE REVIEW 

2.1 Contact Formation  

Contact formation, or solar cell metallisation, impacts both the optical and electrical 

performance of solar cells. A metal grid formed on the illuminated surface of the cell shades 

the cell preventing carriers from being generated in the underlying Si. Clearly the less the 

shaded fraction the larger the potential JSC is for the cell. The geometrical properties of the 

metal contacts can also influence the amount of light, initially reflected from the metal grid, 

that is internally reflected by the glass of the module when the cell is encapsulated in a 

module [42]. Rounded metal contact surfaces are therefore preferable to flat surfaces as the 

reflected light will encounter the glass at a sufficiently large angle to the normal to ensure 

total internal reflection [43-45] . 

Metal contacts can also affect the electrical performance of solar cells through power loss due 

to series resistance, RS, and contact recombination. Ideally, electrical contact results in low 

contact resistance whilst not requiring heavy doping at the Si surface. However, if the 

minority carrier concentration is too high at the interface of the Si and metal, then the open 

circuit voltage (VOC) of the cell can be reduced by contact recombination. Finally, the 

contacts need to be formed with sufficient conductivity so the RS due to conduction of the 

collected current in the metal grid (and to adjacent cells in the module) are minimised. This 

factor is arguably the easiest to achieve as it does not involve a compromise. 

This section reviews the development of metallisation methods for Si solar cells, considering 

the trends from the first Si cells to current day manufacturing of p-type Si solar cells which 

uses the dominant screen printing technology. The review focuses on the contact formation 

for p-type Si cells, where the metal is in direct contact with the Si absorber. 

2.1.1 Historical Perspective 

The metal contacts for the first Si solar cells produced in the 1950’s at Bell Labs were plated 

[26, 46, 47], with plating being used because it was not possible to solder leads directly to the 

cell [48, 49]. Plating continued to be used into the 1970’s with companies such as Solarex 
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and Motorola developing, through iterative improvements, an electroless plating process 

involving a Ni seed layer, which could be sintered to form a Ni silicide layer for reduced 

contact resistance, and then Cu was used to provide conductivity for the electrode contacts 

[26, 50]. However, in the 1970s Spectrolab introduced the use of screen-printing to the 

metallisation of solar cells [51, 52]. At the time screen-printing was a relatively simple 

process that had been used successfully for other applications. It offered the simplicity of a 

single processing step which could replace the many individual steps required for the 

formation of a plated metal grid and therefore appeared to be well-suited to manufacturing 

and quickly became the dominant metallisation technology for Si solar cells [53]. 

2.1.2 Screen Printing 

Screen-printing involves a squeegee being moved across a screen, pushing a metal paste 

through the screen and onto a substrate such as a solar cell (see Figure 2-1)[54]. After high 

temperature firing, the metal paste solidifies and forms an electrical contact to the Si 

becoming the fingers and busbars of a front surface metal grid on the solar cell.  

 

Figure 2-1. Screen-printing process of Si solar cell contact formation. 

Figure 2-2 shows the typical flow chart of the screen-printed p-type Czochralski (Cz) Si solar 

cell fabrication process. After silicon nitride (SiNx) passivation layer deposition, the cell is 

placed upside down, screen-printed with an Al paste on the rear and then transferred to an 

oven which can dry the paste so that the wafer can be placed on the second screen print stage 

for front Ag finger screen-printing.  After the front side paste is dried, the wafer is co-fired in 

a belt furnace to solidify and form the positive and negative contacts on the solar cell.   
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Figure 2-2. Process flow diagram for fabrication of a typical p-type Cz screen-printed Si solar cell. 

Significant research has been directed into the improvement of p-type Si solar cell efficiency 

to reduce the energy generation cost. Notable advances have occurred in the development of 

more lightly-doped emitters for screen-printed contacting [55-57], fabrication processes for 

rear surface passivation and patterning required for passivated emitter and rear contact cell 

(PERC) cells [58-60] and processes to permanently deactivate boron-oxygen complexes 

which become recombination-active on carrier injection (e.g., exposure to light) [61-70]. 

Although there have also been numerous studies investigating alternative emitter contacting 

methods [38, 40, 41, 67, 71-79], these alternatives have failed to find traction in the 

manufacturing industry due to the improved developments and understanding in screen-

printed paste contacting [80-85] and emitter engineering. The improvements in screen-printed 

contact formation have been centred on: (i) fabricating a lightly-doped emitter that can still be 

effectively contacted by screen-printed Ag pastes; (ii) narrowing the finger width to reduce 

cell shading; and (iii) reducing the amount of Ag required per cell.  

Due to the screen-printing pastes’ properties, forming metal contacts to lightly-doped 

surfaces with low contact resistivity is challenging, consequently surface concentrations 

exceeding 6.8×10
19

 cm
-3

 are still required for screen-printed contacts [57, 86]. Reducing 

shading requires narrower fingers which can be achieved through improvements in pastes and 

screen-printing technology (e.g., screens). Conduction of the current away from the cell 

requires that the aspect ratio is also increased as fingers are made narrower [87]. After screen-

printing of pastes, due to surface tension and gravity, the printed paste spreads laterally on the 

SiNx surface. Historically, the resulting fingers were flat (i.e., low aspect ratio) and wide (up 

to 150 m in width) and caused significant amounts of shading, consequently leading to a 

reduction in Jsc [88-90]. Over the years, pastes have been systematically improved to achieve 

narrower and higher-aspect ratio fingers and, in 2016, the width of typical screen-printed 

fingers was 50 m [16]. Aligned print-on-print screen-printing, stencil printing [91-95], and 

dual print [95-97] are approaches which have been used to increase the aspect ratio of fingers.  
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Aligned print-on-print screen-printing [97], which involves making a second printing pass 

over a finger-busbar grid, can be used to increase the aspect ratio of a screen-printed grid. 

Fingers with a height of 20 m can be achieved, however there can be a considerable 

variation in printed finger height [98]. The use of print-on-print has necessitated the addition 

of vision systems to screen printers to enable alignment of the second printing pass. 

Dual printing (i.e., printing the busbars separately to the fingers) can be used to both achieve 

high aspect ratio fingers and perhaps more importantly reduce the amount of Ag required per 

cell [95, 97]. A reduced paste thickness can be tolerated for the busbar regions as the 

conductivity of the busbars are enhanced through the interconnection wire. Furthermore, non-

contacting busbars can be used to reduce the contacting area of the cell, and thereby increase 

the cell voltage. The busbars can also be printed with a low-Ag paste further reducing the 

amount of Ag required per cell. 

In early 1996, Moor, et al. reported fine line stencil-printing with a high aspect ratio on Si 

solar cells [91]. In screen-printing, the wire mesh in the finger aperture of a mesh screen 

reduces the open area to a value of ~ 60% [95] which places a limit on the obtainable finger 

height and homogeneity along the finger length. However, in stencil printing 100% of the 

open finger area is available for the paste (see Figure 2-3). Typically stencil printing requires 

the use of dual printing (i.e., printing the busbar and fingers in separate printing passes) as it 

is not easy to form the H-pattern of grids in stencils without reducing the open area of 

apertures [95]. Using a dual print approach, front metal grids have been printed on 156 mm 

cells with as little as 68 mg of Ag [97], which is significantly lower than a typical Ag 

consumption of 100 mg per cell [99]. More recently Hannebauer et al. have reported the use 

of a single print dual layer stencil that enables the printing of busbars and fingers in a single 

process step that still features 100% open finger area, however it was demonstrated that the 

dual print (stencil) process results in a VOC advantage of 1-2 mV over single pass stencil 

printing due to the ability to use non-fired-through busbars  [95].  
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Figure 2-3. (a) Close-up view of a double layer stencil from the substrate side (back side); and (b) a view 

of the stencil from the squeegee side (front side) showing a finger and part of a busbar on the right (from 

[92, 94]). 

A number of other innovative techniques have been used in the past to increase the aspect 

ratio of screen-printed grids. One example is the hotmelt technology introduced by Ferro in 

the early 2000’s [100]. Figure 2-4 shows the difference between hotmelt and conventional 

screen-printing technology at the time. The height of the hotmelt-printed fingers was twice 

that of fingers formed by screen-printing of conventional pastes. The hotmelt pastes 

contained a higher concentration of Ag and only became liquid during a heated screen-

printing process. The pastes solidified immediately after printing, the rapid solidification 

preventing excessive spreading and enabling a high aspect ratio printed grid. Although this 

technology was promising, the ability to achieve higher aspect ratio printed contact grids 

using a more standard screen-printing process and pastes without the need for equipment 

changes limited this technology’s uptake. 
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Figure 2-4. Cross section of fingers produced by Hotmelt printing and conventional screen-printing 

technology(from [100]). 

Another technique which used a change in substrate (cell) temperature to achieve narrow, 

high aspect ratio grid fingers was reported by Erath et al. [101] (see Figure 2-5). By heating 

the wafer during screen-printing, solvent evaporation was accelerated and this prevented 

lateral spreading of the paste on the cell. Another advantage of substrate heating is that less 

paste remains in the mesh than at room temperature printing. Unlike the hotmelt paste 

printing process, this method could use existing pastes. However, the physical properties of 

the printed fingers differed from those printed using a more standard process (e.g., hardness) 

and so changes of this nature require that extensive environmental testing must be performed 

for modules printed produced with the new or alternative technology. 
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Figure 2-5. Confocal microscope image showing a 60 m finger achieved by screen-printing on a heated 

substrate (from  [101]). 

2.1.3 Other Printing Approaches 

In the past 20-30 years there have been numerous attempts to develop alternative printing 

approaches with the specific objective of decreasing shading (i.e., narrower fingers). In 1987 

Teng and Vest reported the inkjet printing of metal-organic inks which decompose after 

printing to form metal as an alternative to screen-printing [102]. A key advantage of this 

process over screen printing was the direct writing via digital patterns and non-contact Si 

wafer processing.  However, with the small volumes typically deposited by inkjet printing, 

many passes are required to form sufficiently thick conductors for the cell. Furthermore, 

inkjet printing requires fluids to be much less viscous than the pastes used by screen-printing. 

This therefore limits the solid content of the deposited fluid, making it very challenging to 

print the entire metal contact without using many printing passes. 
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Due to these challenges the next use of an alternative non-contact printing approach for front-

surface metallisation involved micro-dispensing. Scrypt Inc. and DuPont reported the use of a 

micro-dispensing nozzle which was moved in the X and Y directions to eject paste on the cell 

according to a grid pattern [103-105] (see Figure 2-6). With this method, fingers 100 m 

wide and 17 m high were reported, which at the time (in 1988), were much thinner than 

comparable screen-printed fingers. However, micro-dispensing shares with inkjet printing the 

problems of nozzle (jet) blockage and poor nozzle (jet) durability. Also use of a single nozzle 

places a limit on how many wafers can be processed per hour due to the need to scan the 

entire wafer surface. 

 

Figure 2-6. Front view of non-contact micro-dispensing nozzle printing paste on a Si solar cell (from 

[105]). 

Mette et al. introduced the use of metal aerosol jet for solar cell metallization [104, 106-108]. 

Unlike inkjet printing, aerosol printing is a continuous deposition process (see Figure 2-7) 

method and can deposit fluids with a higher metal loading. A fluid is first atomised into an 

aerosol or mist and then the generated aerosol is guided to the substrate using a sheath gas to 

constrain the fluid. However as for the earlier inkjet printing process, it is tedious and slow to 

build up the entire conductor, and so Mette et al. described a process in which a thin seed 

layer was printed, and then fired substantially as for screen-printed paste. The conductive 

seed layer was then thickened using LIP of Ag to complete the metal grid. Although 

comparable cell efficiencies were achieved with this aerosol printing / plating process, 

difficulties were incurred in the scaling up of the process for manufacturing. In an attempt to 

improve throughput, Optomec developed a 40 nozzle aerosol printer that was capable of 
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printing a Ag seed layer 40 m wide and 1.5 m high on a 156 mm cell in 2.5 to 3 s [109] 

however to the candidate’s knowledge this alternative metallisation process was never 

demonstrated in manufacturing. A key issue at the time that the process was being developed 

at Fraunhofer, was that it did not provide any advantage in terms of reduced Ag consumption. 

This was an important consideration in the period from 2010 to 2012 because Ag prices were 

high at that time. 

 

Figure 2-7. A schematic depicting the aerosol jet metal deposition process (from [104]). 

The strategy of printing a seed layer and then plating up was also demonstrated using inkjet 

printing of the seed layer. Ebong et al. and XJet partnered in a development of a process in 

which an XJet printer was used to rapidly print a seed Ag layer [110-112]. The Xjet printer 

could process 2400 industrial wafers per hour and was equipped with redundancy features 

that enabled the detection of blocked nozzles and subsequent correction around the detected 

printing faults. Figure 2-8 shows a printed seed layer and an example finger after plating 

using Ag LIP for 10 min. 
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Figure 2-8. (Left) Contour image showing a Ag seed layer (printed using an XJet inkjet printer); (right) 

an example finger after Ag LIP for 10 min (from [110]). 

In order to eliminate complications introduced by the plating step, Ebong et al. later 

demonstrated fully inkjet-printed Ag grids [45]. In this process all the metal of the conductive 

grid was printed and then the printed cells were co-fired with the standard Al screen-printed 

rear surface. Figure 2-9 shows cross-sections of example Ag fingers printed with different 

numbers of printed layers after co-firing. Using this process a cell efficiency that was 

comparable to routinely screen-printed cells was achieved. Although Ebong et al. estimated 

that inkjet printing the entire front metal grid could reduce the amount of Ag required per cell 

because less ink (i.e., Ag) could be printed at the busbars where sufficient conductivity can be 

achieved through the subsequently soldered interconnection tabs, this can also be achieved 

using dual print screen-printing (described in Section 2.1.2). Consequently, like the 

apparently-successful aerosol-printed/plated cell metallisation process pioneered by Mette et 

al., this inkjet printing process was never demonstrated in manufacturing.  

 

Figure 2-9. Fully inkjet-printed Ag fingers shown for three different doses (i.e., number of printed layers) 

after co-firing (from [111]). 
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2.2 Metal Plating 

Forming high quality electrical contacts for Si solar cells can also be achieved by wet 

chemical methods such as metal plating. Metal plating requires that openings are first formed 

in a dielectric layer which then acts as a mask for plating. Provided that these openings can be 

formed with a high resolution, plating has the potential to form very narrow and high aspect-

ratio conductors. Unlike screen-printing, the conductive material does not spread excessively 

in a lateral direction and the conductors can be composed of pure and solid metal rather than 

the mixture of metal and glass particles that comprises screen-printed contacts. As such, the 

bulk conductivity of the plated metals can be significantly higher than that of screen-printed 

Ag pastes, necessitating a lower cross-sectional area of conductor. However, perhaps one of 

most significant potential advantages of metal plating over Ag screen printing is the ability to 

replace the investment metal Ag by the commodity metal Cu (see Chapter 1). The following 

sections review the different metal plating methods and associated dielectric structuring 

processes used in the metallisation of front-surface grids of Si solar cells.  

2.2.1 Electroless Plating  

Electroless plating refers to the deposition of metal layers chemically without an external 

supply of electrons [113-115]. It involves aqueous metal salt solutions undergoing both 

oxidation and reduction reactions between chemical species. The deposition of metal 

(electrochemical reduction) is the result of gaining electrons from an oxidation reaction, the 

latter reaction involving either the cell surface or reactant provided in the electroless plating 

electrolyte.  

As mentioned earlier in this chapter, the electrical contacts of the first Si solar cells were 

formed using electroless plating. However, after an intense period of development for plating 

processes in the 1970’s, the simplicity of screen printing was found preferable to the 

complicated chemistry and know-how required for plating. Wenham and Green resurrected 

the earlier-developed electroless Ni/Cu plating processes [26] in their development of the 

buried contact cell [27-30, 116, 117] (see Figure 2-10), a cell design that was highly 

innovative at the time in that it demonstrated the use of a selective emitter, laser scribing for 

selective doping and contact formation and plated metallisation. The 20-30% increment in 

efficiency (at the time) enabled by these higher efficiency attributes resulted in BP Solar 
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commercialising the cell design in 1991 as their Laser Buried Grid (LBG) Saturn cells [118-

120].  

 

Figure 2-10. Schematic depicting a laser-grooved buried contact solar cell (from [30]). 

Alkaline electroless Ni deposition occurs via a two-step mechanism in which Ni nucleation is 

followed by autocatalytic deposition involving the oxidation of a reductant (e.g., 

hypophosphite ion) provided in the electrolyte [113, 115]. In the initial nucleation step, Ni is 

deposited on the surface in ‘islands’ via a charge transfer reaction in which the surface Si is 

oxidised [121]: 

Step 1: Nucleation 

 Oxidation:                                                                    

Reduction:                                                                                      

Once the surface is covered with Ni, Si can no longer react and the source of electrons is 

provided by the reductant. In general, a number of reactions occur in these electrolytes, with 

the reductant first being dehydrogenated and then oxidised. The reactions that occur with the 

use of a hypophosphite reductant are [121]:  

Step 2: Autocatalytic Deposition through Hypophosphite Oxidation 

 Oxidation:  (1)      
            

                                     

 Reduction:  (1)                                                                                

   (2)                                                                             

   (3)      
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Once the electrolessly-plated Ni layer was formed, BP Solar sintered the cells to form a Ni 

silicide which acted to reduce contact resistance [26, 122]. This Ni silicide contacting process 

had been developed in the 1970’s by early proponents of plated metallisation, Solarex and 

Motorola [26]. 

As with electroless Ni deposition, Cu can be deposited using a range of different reductants in 

the electrolyte and numerous patents have been granted that describe different proprietary 

formulations that have been developed for printed IC applications. Most electroless Cu 

plating processes use formaldehyde as the reducing agent [115, 123], and like the electroless 

Ni process described above, evolve H2 (g). Cyanide is often used as a complexing agent in 

the electroless Cu formulations to improve the ductility of the deposits [123]. It acts by 

competing with adsorbed H and reducing the amount of H that becomes trapped in the 

growing Cu deposit [113].  

Typical plating rates for electroless Cu are of the order of 5 m per hour (specified for a 

Transene EL Cu used for IC applications). While this rate may not impose challenges for IC 

applications, solar cells must conduct significant current to the solar cell’s busbars and so the 

need to plate metal lines that are at least 10 m thick (for a three busbar cell) can be time 

consuming. BP Solar used a cyanide-based electroless Cu process and it was challenging to 

fill the entire groove, which could be up to 40 m deep, with plated Cu even after plating for 

several hours. In an effort to move to a faster and more environmentally friendly process, 

Eager et al. reported the trialling of an cyanide-free electroplating process [120, 124], 

however it appears that electroplating was not put into production. At the time of 

commencing production of the LBG technology, the published manufacturing cost from BP 

Solar also showed a 20-30% economic advantage compared with standard (screen-printed) 

solar cell manufacturing [27, 125]. However ultimately, the efficiency premium of the Saturn 

modules was eroded by technology improvements and cost reductions in screen-printing 

technology and production of the Ni/Cu plated Saturn modules ceased in 2009.  
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Figure 2-11. Photo of the electroplating arrangement trialled by BP Solar for their plating of LBG solar 

cells (from [124]). 

More recently the electroless Ni plating process substantially as used by BP Solar has 

resurfaced as a way in which a seed Ni layer can be formed on both the n-type and p-type 

surfaces of bifacial cells, enabling subsequent plating of both grids by contacted 

electroplating [121, 126]. This represents an alternative metallisation strategy to the bifacial 

cell plating process that was developed as part of this thesis and is described in Chapter 3. 

Bifaciality is of growing interest due to the ability of bifacial modules to absorb significantly 

more light because the rear surface can capture diffuse light and reflected light from the 

surrounding environment [127, 128].  

Electroless plating can also be achieved through galvanic deposition in the absence of a 

reductant in the electrolyte [129]. A commonly-used method of ‘capping’ Ni/Cu plated 

fingers so that they are resistant to corrosion and able to be soldered is to galvanically 

displace a surface layer of Cu with Ag [130-132]. This electroless process is self-limiting by 

the availability of Cu and can provide a dense barrier layer to prevent further oxidation of the 

grid metal. The reaction can be written as: 

                                                                                

and occurs galvanically due to the standard reduction potentials of Ag ions being greater than 

that of Cu ions. Typically the Ag ions are provided through AgNO3 with additives such as Na 

thiosulphate being used to stabilise the electrolyte [132]. 
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Galvanic displacement of Si has been used to form seed Ni layers. In this process, Si 

oxidation provides the only source of electrons and so the process is self-limiting allowing 

the controlled formation of very thin Ni layers. Yao et al. reported the formation of uniform 

250 to 400 nm thick Ni layers directly on chemically-etched and laser-doped Si surfaces [26, 

133] (see Figure 2-12).  

The chemical reactions involved in galvanic deposition of Ni on Si in alkaline NH4F/NiSO4 

solutions are presumably as presented by [134]. Si can be oxidised by both the hydroxide and 

fluoride ions, resulting in Ni ion reduction.     

Oxidation:                                                          

                 
                                                 

Reduction:                                                                           

Yao et al. demonstrated the use of this Ni seed layer in the fabrication of p-type Si cells with 

Al BSFs. They achieved average cell efficiencies of 18.6% and 19.2% using chemical etching 

and laser doping for the front surface patterning of the SiNx ARC, respectively. However, 

maintaining the cells at open circuit during plating was challenging to achieve practically as it 

was difficult to prevent the electrolyte from contacting the cell edges and rear surface, and 

any wetting of these surfaces could permit a light-induced current to also flow in the cell 

(with, for example, Al oxidation sustaining the reaction as described for non-contact LIP in 

[133]).  

 

Figure 2-12. Deposition of Ni by galvanic displacement on: (a) a chemically-etched cell; and (b) a laser 

doped-cell (from [133]). 
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Rodriguez et al. [135], further investigated the use of the galvanic Ni deposition process 

reported by Yao et al. to ascertain whether the Si etching that occurs during the galvanic 

process could provide any advantages in terms of the adhesion. By quantifying the adhesion 

of plated fingers using the stylus-based scratch measurements (described in Chapter 5 of this 

thesis), they were able to demonstrate that plated grids which employed a seed galvanically-

plated Ni layer, which was sintered before bias-assisted LIP Ni/Cu plating of chemically-

etched SiNx openings, could achieve significantly greater adhesion than grids plated with just 

bias-assisted LIP Ni/Cu. The sintering process was required however to eliminate voids and 

an O-rich Si interface layer that formed with the galvanic Ni plating step. The average finger 

dislodgement force that was achieved for the cells with the adhesion promoting seed layer 

after sintering at 350 ºC for 10 min was 114 N/mm, which is similar to values of 148 N/mm 

obtained as part of this project for laser-ablated cells and reported in Section 5.6.3 and in Ref 

[136]. This suggests that for chemically-etched openings where surface roughness is difficult 

to achieve, the galvanic Ni deposition process may indeed provide a means by which 

interfacial adhesion can be improved, presumably through the increased roughness caused by 

the Si oxidation (etching).  

The formation of interfacial oxides with the alkaline electroless plating was also observed by 

Tous et al. [137]. They attributed the higher temperature required to reduce contact resistance 

through silicide formation for the electroless Ni compared to sputtered Ni to the oxide 

residues. Indeed, for any Ni plating process to Si, the propensity for the Si surface to oxidise 

will always make it challenging to eliminate all interfacial oxides. Consequently, 

annealing/sintering processes may be a necessary component of all adhesion promoting 

processes.  

In summary, electroless plating of Ni, Cu and Ag have all been demonstrated in industrial 

manufacturing of p-type Si solar cells, with BP Solar having demonstrated the greatest 

contribution in regard to volume manufacturing. Whilst the process may be an effective way 

of forming adhesion-promoting seed layers for chemically-etched solar cells and Ag or Sn 

capping layers for Ni/Cu plated grids, the plating of the bulk of the conductive grid using 

electroless plating is slow and process reliability is challenging due to evaporation of solvent 

from the plating electrolyte due to heating, drifts in pH and the concentrations of chemical 

components of the electrolyte, and the need to ‘dump’ chemical baths when reaction product 
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concentrations become too large. Waste treatment of used plating chemicals can be expensive 

and must be factored into manufacturing costs [138].   

2.2.2 Light-Induced Plating 

Compared with electro-less plating, LIP for solar cells offers the significant advantage of a 

higher metal plating rate and controllability, making it more suitable for large-scale 

production. The earliest report of LIP dates back to 1973, when Siemens AG filed a patent in 

Germany [139] describing a process which is substantially the process that is now referred to 

as bias-assisted LIP. Figure 2-13 shows their proposed plating arrangement showing a p-type 

semiconducting region contacting by an electrode, with metal being plated to exposed n-type 

semiconducting regions on the other surface of the device. Although an applied bias 

current/voltage is not shown in Figure 2-13, the patent text mentions that such a bias can be 

applied. 

 

Figure 2-13.  Light-induced plating apparatus from the patent DE2348182 by Späth (reproduced from 

[101]). 

In 1979, a US patent was granted for bias-free light-induced plating to Durkee and assigned 

to Solarex [140] (see Figure 2-14). The diagram shows that electrical contacts can be plated 
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on one or more surfaces of a solar cell by immersing the cell into the plating electrolyte under 

illumination.  

 

Figure 2-14.  Bias-free LIP arrangement from US 4,144,139 by Durkee (reproduced from [140]). 

In this LIP method, which has been subsequently referred to as non-contact LIP [133], the 

plating on the exposed n-type Si surface relies on the oxidation of the p-type surface (also in 

contact with the electrolyte). When this method is applied to a typical screen-printed p-type 

Si solar cell, the rear screen-printed Al becomes a scarification anode being oxidized to 

sustain the light-induced current through the solar cell [133]. Under illumination, the n-type 

surface becomes a cathode and metal ions in the electrolyte accept electrons from the surface 

and are reduced to metal. Light-generated holes, transported to the rear Al surface, result in 

oxidation of the Al. There are two critical factors that affect the success of this non-contact 

LIP. The first factor is the continuous corrosion of the Al rear surface. During plating, as the 

Al oxidises, a non-conductive oxide forms to block the further oxidation of Al, and 

eventually this will stop the plating process. Therefore, corrosive agents (typically Cl or Br 

ions) are added to the plating electrolytes [141, 142] so that pitting corrosion can sustain the 

corrosion. The second factor that affects the performance of non-contact LIP is the control of 

the plating current, since the plating is dependent on the electrical properties of the solar cell.  

2.2.3 Bias-Assisted Light-Induced Plating and Electroplating   

To avoid corrosion of the rear Al electrode and to achieve a more controllable plating current, 

bias-assisted LIP is typically used [74, 87, 133, 143, 144]. This method is substantially as 

described by Späth in 1973 (see Figure 2-13) and involves the application of a bias potential 

to the p-type surface of the solar cell during LIP (see Figure 2-15). This requires that only the 
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n-type surface is wetted by the electrolyte and so a more sophisticated plating arrangement is 

needed. With application of a bias current to offset the resistances in the electrochemical 

circuit, the cell can operate close to its short circuit state. Furthermore, rear surface Al 

corrosion can be prevented through keeping that cell surface dry during plating. The 

application of the bias current during plating can ensure that cells with different electrical 

properties are all plated using the same plating current and that the plating rate is controlled 

within the recommended plating rate range for the chemical formation used. 

 

Figure 2-15. Schematic depicting the bias-assisted LIP process (from [145]). 

Bias-assisted LIP is effectively electroplating, just with the solar cell providing the majority 

of the current. The light needs to be sufficiently intense to ensure that the cell is forward-

biased as the applied bias current is applied in a reverse-bias direction. This means that the 

same electrolyte formulations used for electroplating (e.g., acidic CuSO4) can be used for 

solar cell plating, with corroding anodes being used to maintain the metal ion concentration 

in the plating bath. This minimises bath maintenance requirements, and so with appropriate 

filtering and additive maintenance, plating baths can be operated for months without needing 

to replace the entire bath contents. 

Yao et al. [146] demonstrated that a bias-assisted LIP process could be modelled using 

equivalent circuit analyses in order to determine the most suitable control mode (current 

control or voltage control) when applying a negative bias potential to the p-type surface of Si. 

In the circuit she proposed, the solar cell was modelled as two diodes in parallel (Jo1 and Jo2 



28 
 

in Figure 2-16), and the electrochemical reactions occurring at the anode and cathode were 

represented by two separate Randles circuit elements (Rct-a in parallel with CH-a 

representing the anode/electrolyte interface and Rct-c and CH-c representing the 

cathode/electrolyte interface).  

As noted earlier, when using a bias during LIP, it is important to ensure that the cell remains 

forward-biased. Using the equivalent circuit simulations, Yao demonstrated that use of 

voltage-control could reduce the risk of reverse-bias junction breakdown. Although use of a 

current controlled mode may be desirable from the perspective of controlling plating rate 

within the allowed range for a chemical system, there is a risk that if the light intensity is 

insufficient (or the cell voltage is lower than expected), the cell can be plated at the reverse 

bias breakdown knee voltage which can electrically damage the cell (e.g., through localised 

hot spots), leading to a reduction in the final cell efficiency. Yao presented implied Voc and 

PL imaging results to demonstrate damage that occurred to an example cell that was Ni 

plated when the light-induced current was significantly less than the applied bias current. 

Hsiao et al. have also shown that non-uniform Ni plating can result if a cell is allowed to 

operate under reverse bias during plating [147]. 

 

Figure 2-16. Equivalent circuit of a Si solar cell operating under bias-assisted LIP (from [146]).  

There are two main challenges incurred with implementing bias-assisted LIP. First, each solar 

cell needs to be contacted individually to supply the bias current to the rear surface. Second, 

to completely prevent the corrosion of the Al electrode, the rear surface must be maintained 
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completely dry. The equipment solutions to date include both lab tools and in-line large 

volume manufacturing tools which implement single side plating. NB technologies developed 

a lab tool product called SunCup [148] (see Figure 2-17.). In this plating setup, the cell was 

single-side contacted with plating electrolyte, and the rear surface was attached to an external 

voltage contact by vacuum. 

  

Figure 2-17. SunCup plating tool from NB technologies using a single side plating technique (from [148]). 

In large-scale production, the equipment designed by RENA has been used to achieve bias-

assisted LIP for high-volume plating (see Figure 2-18) [149]. The SiNx-coated surfaces of 

individual cells are in contact with the plating electrolyte and cells move through the plating 

bath supported by conveyer rollers allowing the plating of 3000 wafers/hr. The bias current is 

directed into cells as they are conveyed through the bath via a series of fixed contacting 

elements. This inline tool approach was also used by Kuttler in their design of plating 

equipment for Suntech [150]. However, it is not straightforward to use this tool design to 

plate bifacial cells.  
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Figure 2-18. The Rena bias-assisted LIP tool InCellPlate with a brush contact at the rear and single side 

plating with wafer transport achieved by conveyer rollers (from [149]). 

Meco have developed an immersed clip contact direct plating tool [151] (see Figure 2-19) 

which can be used to perform LIP and electro-plating with clips contacting the wafers at one 

edge. The tool’s development was inspired by electro-plating processes used in the 

semiconductor industry, where metal electrodes to be plated are directly contacted. Unlike the 

through-wafer in-line plating tool shown in Figure 2-18, wafers move through the Meco tool 

with vertical alignment. Light-induced plating can be used to form the initial layer of the Ni 

seed, and then this tool can directly plate a denser layer of Ni and Cu by having clips contact 

the busbars at one edge of the wafer. Meco quote a throughput of 1500-3000 wafers/hr for 

this tool, which has a proven history in semiconductor plating. Bifacial cell plating can be 

achieved using this tool, providing that a seed Ni layer can be formed on both surfaces [126]. 

  

Figure 2-19. Meco DPL plating tool using a clip and immerse method (from [151]). 
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2.3 Dielectric Structuring for Plating 

Unlike screen-printing and other printing approaches where the printed metal or metal paste 

is fired through the SiNx dielectric of cells, metal plating requires that the dielectric ARC is 

patterned or structured to expose Si regions to which a metal grid can be plated. This 

dielectric structuring was historically performed by photolithography and chemical etching, 

however in recent times laser scribing, doping or ablation have been considered as the most 

industrially-viable dielectric structuring approaches. Laser doping and laser ablation are 

reviewed below due to their relevance to this thesis study. 

2.3.1 Laser Doping  

In addition to forming openings in dielectric layers as described for the LBG cell in Section 

2.2.1, laser doping can be used to form selective emitter regions [34, 72, 74, 152-158] which 

can make possible low contact resistance and high operating cell voltages in fabricated cells 

[159]. There are a number of different laser-doping methods, and these have been 

comprehensively reviewed by Tjahjono [154], however the process of relevance to this thesis 

is that involving the application of a liquid dopant source to the surface of a dielectric and the 

laser doping though that layer. This process serves to use the laser energy to both remove the 

dielectric (i.e., make an opening) and dope the underlying Si with the source of dopants to 

form a selective emitter region (see Figure 2-20). Typically the liquid layer is spin-coated on 

the surface; however spray coating of a dopant source may also be possible.     
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Figure 2-20. The laser doping process for forming selective emitters involving the steps of: (a) spin-

coating a dopant source on the Si surface; (b) laser illumination to melt the Si; (c) greater penetration of 

the melted Si region; and (d) the final cooled doped Si region (from [160]). 

By using different laser speeds and dopant source concentrations, it is possible to form laser-

doped regions having different resistivity and junction depth. Figure 2-21 shows a combined 

SEM/EBIC image of a 11 m deep p-type laser doped region formed in a n-type Si wafer 

using a 532 nm CW laser, [160]. However, this example is perhaps an extreme case with the 

depth of P-laser-doped regions into a diffused emitter tending to less than 1 m [154]. 
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Figure 2-21. Combined SEM/EBIC image showing a p-type laser doped region form though a planar Si n-

type surface. The bright curve represents the p-n junction, this region appearing bright because of the 

high probability of collected carriers at the junction (from [160]). 

After laser doping, the SiNx layer is opened and metal grids can be formed through bias-

assisted LIP of Ni and Cu plating [154, 155]. The laser-doped selective emitter (LDSE) 

process was used in the achievement of a cell efficiency of 19.3% on a Cz 156 mm p-type 

cell with an Al BSF [74], an efficiency that was reported as a record efficiency at the time.    

Suntech Power commercialised the laser-doped selective-emitter cell structure as their Pluto 

product [32]. Compared to the BP Solar plating process, the plating of the Pluto cells could 

be achieved in ~ 10 min using the much faster bias-assisted LIP process performed in a multi-

lane inline plating tool. However, the Pluto technology highlighted some new challenges for 

Ni/Cu/Ag plating of front surface grids. The very narrow contact openings that could be 

achieved (in cases < 20 m wide) resulted in reduced contact area for adhesion. In the buried 

contact cells, the laser-scribed grooves were ~20 m wide [120], and plated metal could 

adhere to both the base and sidewalls of the grooves. For this reason BP Solar never reported 

poor adhesion of metal grids for their plated cells and their plated cells were interconnected 

using soldering of interconnection wire. However, the thin metal fingers of the Pluto 

technology had limited metal-Si contact area for adhesion. Furthermore, the need to plate as 

fast as possible for high processing throughput most likely, as demonstrated in Chapter 5 of 

this thesis, induced stress in the Cu fingers which may have acted to reduce interface 

adhesion. 
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The poor interfacial adhesion had the important consequence that the plated cells could not be 

interconnected by soldering. Consequently, Suntech adopted a hybrid process where the 

busbars were screen-printed with Ag and the fingers were laser-doped and plated. This 

strategy enabled the benefits of a selective emitter and reduced shading due to the narrow 

fingers whilst still being able to use standard soldering and tabbing for interconnection. 

However, the metallisation process was more complex than simply screen-printing or plating 

and this would have added to production expense. Another consequence of the poor adhesion 

was the occurrence of finger peeling, most often at the ends of fingers where there was no 

pinning by busbars or additional fingers [161].  

Suntech’s production experience of their Pluto product identified finger adhesion as a critical 

issue for plated metal grids. Most IC applications of Ni/Cu plating do not require the plating 

of long thick conductors across a flat substrate and consequently the problem of plated 

conductors simply “lifting off” from the substrate or peeling had not really been observed 

previously. The investigations into finger adhesion, reported in Chapter 5, were motivated by 

the recognition this practical problem for solar cell plating. 

Whilst laser doping offers a path to a low-cost selective emitter it does so at a cost. Crystal 

damage incurred within and adjacent to laser-doped regions due to Si expansion and re-

crystallization can limit energy conversion efficiencies [152, 154]. In cases where the crystal 

damage occurs in or above the heavily-doped regions, the electrical impact can be minimal 

and in fact the roughness caused by P laser doping may provide anchor points for the plated 

fingers and increase adhesion. However, when high powers are used (as observed in Chapter 

3 of this thesis), high local ideality factors can be observed and are indicative of additional 

recombination that is introduced into the Si by laser doping. This is discussed further in 

Chapter 4. 

Chapter 3 of this thesis explores the use of laser doping and Ni/Cu plating for the fabrication 

of bifacial cells, and then in Chapter 4 a QSSPL and QSSPC injection dependent lifetime 

study is reported that attempts to monitor recombination introduced by different laser-doping 

processes. Finally in Chapter 5, the thesis returns to the problem of adhesion of plated 

contacts to both laser-doped and laser-ablated contact regions.  
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2.3.2 Laser Ablation  

Short-pulse laser ablation of dielectrics for Si solar cell applications was first reported by 

Dube et al. in 1990 [162]. Unlike laser-doping, irradiation by short pulse lasers only removes 

(ablates) the SiNx without appreciable heating or melting of the Si. Since Dube et al.’s first 

report, numerous publications have explored aspects of this process for p-type cell 

metallisation such as comparisons between pulse length (ns or ps), and wavelength [163-167].   

Although laser-ablation does not provide any electrical shielding of minority carriers through 

localised doping at the Si-metal interface, providing that the contact area can be minimised, 

contact recombination can be maintained at sufficiently low values to achieve competitive 

cell efficiencies on both Al BSF and PERC cells [168]. These laser-ablated cells can also 

benefit from the engineering of emitters that have low surface P concentration (< 4 × 10
19

 cm
-

3 [78]), enabling lower emitter recombination currents than current screen-printed cells. 

However, perhaps one of the benefits of most interest is that short pulse laser ablation results 

in a rough surface (through non-linear absorption effects which are discussed further below) 

This can result in strong interface adhesion of plated metal [38, 40, 41, 76, 78]. The pull 

strength of soldered interconnection wire to Ni/Cu/Ag grids plated to ps-laser ablated contact 

regions has achieved value of ≥2 N/mm, which meet current module fabrication requirements 

(see Figure 2-22). The ability to interconnect by soldering using standard industrial 

equipment is an important consideration for manufacturing. 

 

Figure 2-22. Pull test forces under a 90 degree angle for Ni/Cu/Ag plated busbars for different UV ps 

laser ablation powers (from [78]). 



36 
 

The critical factor that improves the adhesion is believed to be the nanostructured surface 

morphology. Unlike the laser doping process discussed in Section 2.3.1 where the texturing 

of the Si is lost through melting, short pulse laser ablation removes only the SiNx layer 

without changing the Si pyramid surface texture (see Figure 2-23). In addition, superimposed 

on the micro-texture is a nanostructure comprising periodic ripples which is absent when the 

SiNx is ablated using a ns UV laser [Figure 2-23(b)].  

 

Figure 2-23. Laser-ablated alkaline-textured Si surface by: (a) ps UV laser; and (b) ns UV laser. In both 

cases the SiNx layer was removed with no changes in the Si pyramidal texture (from [167]). 

The energy that is delivered by short pulse lasers can lead to strong electronic excitation, 

rapid heating and cooling, and ultrafast mechanical deformation. Laser energy absorbed by 

free electrons in the target substrate is first thermalised within the electron subsystem and 

then transferred to the lattice as heat. Many different intertwined processes and phase 

modifications can be in effect for any application depending on the laser pulse duration and 

the material being ablated. Shugaev et al. summarised these diagrammatically (see Figure 

2-24) [169]. Different groups are identified through the use of different colours, with yellow 

identifying excitation processes in optically-excited electronic states, green referring to 

processes where some energy transfers from the electronic exited stated to lattice vibrations 

(thermalisation through the lattice), and light blue referring to processes where the bulk of the 

energy is transferred to the lattice resulting in surface modification and lattice heating.  
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Figure 2-24. Energy dissipation pathways and phase modifications following short pulse irradiation of 

metals, semiconductors and dielectrics (from [169]). 

In metals, the existence of conduction band electrons enables direct absorption of laser 

energy by electrons undergoing collisions with nuclei (i.e., by inverse Bremsstrahlung [170-

174]). However, in semiconductors and dielectrics, electrons have to be excited across the 

bandgap before they can directly absorb photons. In wide-bandgap dielectrics such as SiNx 

the main processes involve multiphoton absorption and avalanche ionization, both of which 

are highly non-linear. Once the electrons are excited to the conduction band, they absorb laser 

energy via inverse Bremsstrahlung and can produce a sequence of electron–hole pairs 

through collisions with valence-band electrons. This process leads to avalanche 

multiplication of the density of conduction-band electrons [169, 175] and may bring a 

material to plasma states or even produce a Coulomb explosion due to electron emission and 

charging of a surface region of a dielectric [169].  

If the excited electron concentration increases rapidly due to a large number of laser pulses in 

a short time, then energy will transfer to the lattice and heat can accumulate and result in an 

increased substrate temperature, and possible Si melting. This process can be described by 

the following model [169]: 
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where Te is electron temperature, Ti is lattice subsystem temperature, z is the perpendicular 

direction to the substrate surface, Q(z) is the heat flux, S is the laser heating source term, I(t) 

is the laser intensity, A = 1 - R and i are the surface transmissivity and the material absorption 

coefficient, Ce and Ci are the heat capacities (per unit volume) of the electron and lattice 

subsystems, γ is the parameter characterizing the electron-lattice coupling, and ke is the 

electron thermal conductivity. 

There are many reports which attempt to identify the different processes that occur during 

laser ablation, however of particular interest to this thesis is the creation of a periodic 

nanostructured surface on dielectric layer (e.g., SiNx) ablation on textured Si. Reports suggest 

that the formation of this ‘ripple-like’ surface is critical for the strong the adhesion of plated 

metal [38, 76]. Several reports have provided possible explanations for this nano-scale 

periodic roughening.  Zhu et al. [176] suggested that the periodic ‘ripples’ evolved to ‘spikes’ 

as the number of pulses was increased, with sharper spikes being achieved through the use of 

fs pulse lengths (see Figure 2-25.). Costache et al [177] reported that the coarse structure of 

the ‘ripple’ pattern occurs with a period of ~ λ/3.  

In studies focused on dielectric (ARC) ablation for Si solar cell fabrication, in order to reduce 

the front surface Si damage, fewer pulses are typically applied during SiNx ablation, 

therefore, only ‘step-like ripples’ are typically observed (see Figure 2-23). These periodic 

surface structures have been referred to as laser-induced periodic surface structures (LIPSS) 

[178-182]. The reason underlying their formation has been explained using different theories. 

Some have postulated that the periodic surface nanostructures arise due to the interference of 

the incident and a scattered or stimulated wave at the surface [183, 184], whilst other theories 

suggest the involvement of surface acoustic waves [185], a surface tension gradient [186] or 

freezing of surface waves [187, 188]. Gurevich et al. [189] reported that the LIPSS can be 

formed on numbers of different materials including semiconductors, polymers and metals and 
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that the LIPSS form due not only to optical effects, but also involve temperature-driven 

hydrodynamic instabilities in the molten layer at the surface.  

 

Figure 2-25. SEM images showing the evolution of the surface morphology of Si produced with 35-ps 

laser pulses in the SF6 ambient upon irradiation with the given number of pulses: (a) 50, (b) 200, (c) 800 

and (d) 2400 (from [176]). 

Although the results to-date suggest that the adhesion of plated grids to laser-ablated surfaces 

can enable soldered interconnection (through the equivalence of average busbar pull forces 

with those of screen-printed cells) and plated modules have passed the IEC 61215 

environmental tests [78], the stability of this laser ablation/plating process in mass production 

has not been demonstrated in large scale manufacturing. Also, since the required laser 

ablation and plating equipment differs from equipment required for a standard screen-printed 

production line, the implementation of this alternative metallisation process is also limited by 

the cost of altering an existing production line. The use of laser ablation to form contact 

regions for plated metallisation is investigated further in Chapter 5 of this thesis, with respect 

to the improved adhesion of the plated metal made possible by the laser ablation method.  
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2.4 Summary 

This chapter reviewed different electrical contact formation methods that are applicable to 

industrially-produced Si solar cells, with a focus on metal plating and the dielectric 

structuring processes that can be used to form contact regions for plating. It considers the 

historical trends in contact formation, from the first Si solar cells through to the dominance of 

Ag screen printing and a number of isolated and limited attempts to introduce plating into 

mass production.  

Although transitioning from Ag to Cu plated metallization can offer significant savings in 

material cost, history has demonstrated a number of problems associated with this transition. 

First plating is seen as a more complex process with specific know-how required. It requires a 

dielectric structuring step, which has been achieved in the past in using lasers, but also a 

number of different plating steps: (i) Ni for contacting the Si; (ii) Cu for conductivity; and (iii) 

then a Ag capping layer to prevent corrosion and enable soldering. Secondly, the use of lasers 

to structure the dielectric can introduce crystal damage. While this damage may not have 

been critical for lower efficiency Al BSF cells, as the manufacturing industry moves towards 

increased PERC cell production, elimination of recombination due to laser-induced damage 

will become more critical. However, perhaps the final and most important problem is that of 

contact adhesion. Although new interconnection methods such as SWCT [190] and multi-BB 

[191] are becoming available, the ITRPV Roadmap reports that soldering will remain the 

dominant interconnection method for some time to come, with 90% of production expected to 

still use soldered interconnection by 2020 [99].  

This thesis investigates the use of plated metallization for Si p-type cells. In Chapter 3, a new 

bifacial plating method is introduced with bifacially-plated LDSE cells achieving a maximum 

efficiency of 19%. However, it is shown that use of laser-doping to form contact regions can 

limit cell efficiency. Chapter 4 then reports on the use of an injection-dependent 

recombination analysis (through QSSPL and QSSPC measurements) to monitor the 

introduction of recombination centres through different cell processing steps. Finally, Chapter 

5 presents the results of investigations into contact adhesion, considering both finger and 

busbar adhesion and the role of laser doping and laser ablation in contact adhesion. 
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CHAPTER 3                                                               

LASER-DOPED METAL-PLATED BIFACIAL 

SILICON SOLAR CELLS 

3.1 Introduction 

3.1.1 Motivation 

A bifacial solar cell is able to increase its power output  by capturing albedo radiation from 

the rear of the solar cell, however to date  manufacturing these solar cells is expensive  

because both P and B diffusions are required and screen-printed Ag grids are used on both 

surfaces. An alternative metallisation and doping technique could significantly reduce the 

cost of producing bifacial cells. Light-induced plating has been shown as an effective way of 

using the light-induced current to provide a source of electrons for metal plating [133] and 

formation of metal contacts onto n-type Si. It can result in low-cost metallisation due to the 

use of Cu as the main conductor, relatively simple electrolytes (i.e., no reducing agents 

required) and minimal bath maintenance where the metal concentration is maintained from 

the corrosion of anodes comprising the same metal species. However, the method can only be 

used to metallise the n-type regions of a p-n junction solar cell. Consequently, an alternative 

method is required to form plated contacts to the p-type regions of Si solar cells. 

3.1.2 Objective 

The objective of the experiments reported in this chapter was to develop a fabrication method 

for laser-doped p-type bifacial Si solar cells using self-aligned metal-plated electrical contacts 

to both cell polarities. A key enabler for the fabrication of these cells was the recognition that 

p-type Si regions can be made cathodic by forward-biasing the p-n junction of the solar cell. 

Used in conjunction with LIP for metallisation of the n-type contact regions, this new plating 

method, which will be referred to as field-induced plating (FIP), was used to form Ni/Cu 

grids on both semiconductor polarity surfaces of a cell and thereby metallise bifacial solar 

cells. 
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It should be noted that this “forward-biased” plating process was independently developed at 

Roth & Rau AG in Europe and first reported in a patent application to Boehme with a priority 

date of 25 March 2010 [192]. It has subsequently also been used to plate metal grids to p-type 

polarity surfaces of heterojunctions cells [193, 194] and B emitters of n-type cells [36, 195], 

with the work presented as part of this chapter being distinct from the EP 2 369 629 patent to 

Boehme [192] in that it describes the plating of Ni directly to the Si surface. This work was 

first reported in a now-granted US patent [196] and at the Silicon PV conference in 2014 

[197]. Although the plating technique is now commonly referred to as “forward-bias plating”, 

the term FIP will be used in this thesis to emphasise the role of the applied electric field in 

making the p-type surface cathodic. 

The simplicity of the FIP process allows it potentially to be performed using the same plating 

equipment and chemistry as used for LIP. Similar plating rates to those used for LIP (i.e., ~ 1 

m/min for Cu deposition) can be used, however there is also the potential to plate at much 

faster rates with FIP because the junction is forward-biased and the plating rate is not limited 

by the light intensity.  

3.2 Historical Development of Field-induced Plating 

Electrons are minority carriers in the p-type regions of a solar cell, therefore they are not 

available at sufficient concentration to enable the reduction of metal ions at a p-type Si 

surface. However, by forward-biasing the p-n junction, electrons can be directed through a p-

n junction to make a p-type surface cathodic thereby allowing metal ion reduction to occur at 

that surface. The following section provides a historical description of the development of 

FIP (at UNSW) through a series of undergraduate research projects.  

3.2.1 Contactless Electroplating  

In 2010, a contactless electroplating (CLEP) method was developed by Vais with the 

objective of plating to p-type surfaces of p-n junction solar cells in a contactless arrangement 

[198]. The main advantage of CLEP was that no physical contact was required between the 

contacting electrodes and the solar cell. It was proposed that use of CLEP could potentially 

increase processing yields for cells using thinner wafers as wafer thickness were predicted to 

decrease to 140 m by 2026 [1] 
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Initially, the experimental process was designed as shown in Figure 3-1 using p-type bifacial 

cells where both surfaces were passivated by SiNx layers. The SiNx, which also acted as a 

plating mask, was patterned using a continuous wave 532 nm laser and liquid spin-on sources 

to form laser-doped openings in preparation for metal deposition. The thus-patterned cells 

were placed inside a container in which an isolation barrier was used to separate a ‘negative 

chamber’ in which the n-type surface of the cell was exposed and a ‘positive chamber’ where 

the p-type surface of the cell was exposed. The two isolated chambers were filled with plating 

electrolyte (acid-based CuSO4).  

 

Figure 3-1. (a) The experimental arrangement used in CLEP; and (b) predicted chemical reactions at 

each surface of the solar cell. 

In the plating process, the cell was forward-biased by the application of an external voltage 

applied between electrodes that were not in contact with the cell [see Figure 3-1 (a)]. In the 

CLEP concept, provided that there was a high resistance through leakage paths existing in the 

barrier, it was hypothesised that current would flow through the cell due to the applied 

electric field with electrons accumulating at the p-type openings where metal ions (e.g., Cu
2+

) 

could be reduced. The forward-biased current flow through the cell required that a balancing 

anodic reaction occurred at the n-type Si openings. Vais proposed that the anodic and 

cathodic chemical reactions that occurred were: 

Anodic:                                                       

               Cathodic:                                                                 

In order to sustain the metal plating process, 1% (w/v) hydrogen fluoride (HF) was added to 

the CuSO4 electrolyte so that the formed SiO2 at the n-type openings could be etched (see Eq. 
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3-3). The experimental arrangement was as shown in Figure 3-2. The patterned cell was 

placed in the middle plastic container over a square hole which formed an opening in the 

isolation barrier so that the p-type surface was exposed to the electrolyte in the bottom 

container.  

                                                                                               

 

Figure 3-2. The experimental arrangement for CLEP (from [199]). 

Vais showed that within 10 min, more than 10 m of Cu could be deposited on to the laser-

doped p-type Si [see Figure 3-3 (b)]. The ‘lumpiness’ of the deposit suggested that the plating 

rate had not been well controlled, but this result demonstrated that plating to p-type Si by 

forward-biasing the junction was potentially feasible. However, the added HF in the 

electrolyte in the upper container continuously etched the SiNx layer on n-type surface of the 

cell during plating. The etching rate of the SiNx was accelerated over that expected from 

immersion in 1% HF because the anodic potential at the surface predisposed it to being 

etched [see Figure 3-3 (a)].  
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Figure 3-3. (a) Digital photo of an n-type surface showing excessive etching of SiNx; and (b) SEM image of 

plated Cu over a p-type laser-doped groove providing evidence of CLEP 

3.2.2 Evolution of Field Induced Plating  

The CLEP process evolved into FIP through a UNSW Undergraduate Thesis project by Zhao 

in 2011 [200]. Although the contactless nature of CLEP was very attractive, it was concluded 

that it was too difficult to control the anodic side reactions (excessive etching of the SiNx) 

and effectively seal the upper and lower compartments of the CLEP configuration.
1
 In the 

FIP experimental arrangement, the n-type surface was physically contacted by an electrically-

conductive soft material enabling the n-type surface to be maintained dry during the plating 

process and current to be passed uniformly through the n-type laser-doped openings in the 

SiNx, through the wafer and to the p-type openings. In this new arrangement, the solar cell 

was positioned over a seal foam under pressure with a carbon band soft contact (negative top 

electrode) contacting the laser openings due to the deformation under the top contact (see 

Figure 3-4). As with CLEP, a square opening of the same size as the laser-doped cell area 

was used to expose the p-type openings to the plating electrolyte.   

                                                           
1
 Poor sealing resulted in leakage currents that affected the plating rate making it difficult to control the plating 

rate at the p-type openings. 
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Figure 3-4. Experimental arrangement for the “top contact’ used by Zhao to perform FIP in 2011[200].  

During the FIP experiments, the dry top contact was placed in a beaker filled with plating 

electrolyte and a metal anode was placed at the bottom of the beaker (see Figure 3-5). A 

constant current provided by an external power supply was passed through the n-type laser-

doped openings of the solar cell and the exposed p-type Si regions became cathodic and were 

plated with metal (Cu).   

 

Figure 3-5. Digital photo and schematic of the experimental FIP setup in 2011[200]. 

In order to achieve bifacial cell plating, the solar cell was simply ‘flipped’ and placed into the 

top contact with the n-type surface now exposed to the plating electrolyte. To perform LIP, 

the anode was shaped into a ring and a light source was placed under the beaker to allow 
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illumination of the n-type surface (see Figure 3-6) enabling bias-assisted LIP using the same 

plating apparatus.  

 

Figure 3-6. Bias-assisted LIP using the FIP setup designed by Zhao in 2011[200]. 

Zhao’s FIP plating setup was used to demonstrate that bifacial plating of a Si solar cell was 

feasible. The plating arrangement addressed the issue of SiNx etching during CLEP by 

physically contacting the n-type laser-doped grooves using a “soft” contact. Zhao achieved 

more uniform Cu deposition compared to that obtained using CLEP with finger heights of ~ 

10 m being deposited within 10 min of plating at a current density (in the laser-doped 

openings) of 40 mA/cm
2
 (see Figure 3-7). However, the energy conversion efficiency of the 

thus-plated bifacial laser-doped cells was < 10%.  
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Figure 3-7. Focused ion beam (FIB) images of: (a) a Cu finger plated using FIP of a p-type laser-doped 

groove; and (b) a Cu finger plated using bias-assisted LIP over an n-type laser-doped groove (from [198]). 

The two fingers show similar morphology suggesting that the metal plating of FIP can be as well-

controlled as that achieved using LIP[200]. 

3.2.3 Refinement of Bifacial Cell Plating using FIP and Bias-assisted LIP 

In 2012, the candidate continued the refinement of the FIP process as part of his 

Undergraduate thesis research [201] with the objectives of: (i) improving the plating 

arrangement so as to minimise wafer handling; and (ii) understanding the reason for the low 

cell efficiency through an analysis of the metal contacting.  

3.2.3.1  Improving the Plating Arrangement  

In Zhao’s arrangement, the pressure holding the carbon band to the wafer surface resulted in 

significant wafer breakage. Additionally, bubbles (entrapped air or evolved hydrogen) were 

easily trapped in the exposed area under the cell resulting in non-uniform plating. To address 

these issues, a new plating arrangement was designed (see Figure 3-8 and Figure 3-9). Soft 

fibre foam was used as a buffer above the carbon band to absorb some of the applied force 

when contacting the solar cell. Once the cell was placed on a holder, the level of the plating 

electrolyte was adjusted to be ~1 mm below the cell surface. Due to the surface tension of the 

plating electrolyte, gentle agitation of the electrolyte ‘wet’ the exposed surfaces of the cell 

whilst keeping the top surface dry and enabling single-side plating.  
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Figure 3-8. Schematic and photo of the plating arrangement used by Wang in 2012 [201]. 

 

Figure 3-9. Schematic of the FIP process [201]. 

With the new plating arrangement, the plated fingers and busbars were more uniform than 

reported by both Vais [198] and Zhao [200] and the plating process was more easily-

controlled. Figure 3-10 shows a cross-sectional image of a finger plated using FIP comprising 

a 1 m Ni layer under a Cu layer of ~ 10 m thickness. 
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Figure 3-10. Focussed ion beam cross-sectional image of a Cu-plated finger over a p-type laser-doped 

groove (from [201]). The image shows a 1 um plated Ni layer between the plated Cu and the Si wafer. 

3.2.3.2  Addressing the Low Cell Efficiency  

The n-type laser-doping process used was identical to that used in the fabrication of LDSE 

cells [202, 203], consequently it was concluded that the contact problems were most likely 

arising from the p-type laser-doped regions. Laser speeds of 2.5, 3.0 and 3.5 m s
-1

 were used 

for B laser-doping, and it was found that, as the laser speed reduced with the same deglazing 

process (1.5 min in 1% HF) and plating conditions, the plated Ni coverage was reduced (see 

in Figure 3-11 (b), (d) and (f)). This suggested that with reduced laser speed, the boron 

silicate glass (BSG) or boron rich layer (BRL) introduced from laser doping through use of 

the spin-on B source (PBF1 from Filmtronics) may have been significantly increased 

resulting in low plated Ni coverage (see Figure 3-11). Therefore, a laser speed of 3.5 m s
-1

 

was selected for use due to the higher Ni coverage.   
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Figure 3-11. Optical microscope images of laser-doped lines formed on the p-type Si surface using the 

laser scan speeds of: (a) 2.5 m s
-1

; (c) 3.0 m s
-1

; and (e) 3.5 m s
-1

. (b), (d), and (f) show the corresponding 

laser-doped lines after 1 min of Ni plating (FIP) at a current density of 20 mA/cm
2
. As the laser speed 

increased, the plated Ni coverage improved potentially due to less BSG or BRL layer being introduced 

during laser doping. 

Cells fabricated with the increased Ni coverage were analysed, however although the iVOC 

was ~ 670 mV after laser doping, the final VOC was < 500 mV in some cases after plating. 

This large reduction was attributed to the formation of rear Schottky contacts [204, 205] 

evidenced by the bending back of the Suns-Voc curve as the light intensity increased (see red 

curve in Figure 3-12). By reducing the laser-doping speed to 0.5 m s
-1

 and thereby increasing 

the surface concentration of B in the laser-doped grooves (blue curve in Figure 3-12) this 

behaviour was rectified and the VOC was increased. However, the reduced laser-doping speed 

increased the difficulty of removing the thicker BRL/BSG layer and increasing the HF 

deglazing duration was not recommended because it resulted in etching of the SiNx which 

caused overplating. Consequently, the problem was addressed by increasing the plating 
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duration from 1 to 5 min in order to achieve uniform coverage of the Ni on the laser-doped 

openings (see Figure 3-13).  

 

Figure 3-12. Suns-Voc measurements for cells laser-doped using a speed of 3 m s
-1

 showing bending back 

of the VOC due to Schottky contacts (red) and 0.5 m s
-1

 (blue). The Ni plating (i.e., FIP) durations for the 

two cells were 1 min and 5 min, respectively (from [201]). 

  

Figure 3-13. Optical microscope images of (a) a B laser-doped finger using a speed of 0.5 m s
-1

 before; and 

after (b) Ni FIP for 5 min at a current density of 20 mA/cm
2
. 

Using these modifications, light I-V measurements using an example cell resulted in a final 

VOC of 639 mV and an increased device efficiency of 17.2 % (see Figure 3-14). However, the 

fill factor (FF) remained low (0.68). The measured dark I-V curve showed peaks at different 

operating conditions, especially at the maximum power point where the local ideality factor 

(m) was increased to over 2 [153, 206, 207]. The FF was also impacted, at least partly, by a 

high series resistance of 1.6 Ω cm
2
. 
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Figure 3-14. Light IV curve (red) and bumpy local ideality factor curve (blue) of a 17.5% efficiency cell 

(from [201]). 

Due to the SiO2/SiNx passivation layer on the p-type surface of the bifacial cell, it was also 

suspected that shunting from an inversion layer (formed as a result of the positive charges in 

the SiNx [208]) may have contributed to the high m and hence low FF [209-213]. Spectral 

response measurements showed that at long wavelengths there was a significant difference in 

the IQE for the bifacial plated solar cell measured with and without a bias light (see Figure 

3-15). This demonstrated that if the carrier injection was insufficient at the rear of the cell 

then recombination rates at the rear surface were increased resulting in the observed lower 

IQE and thereby supporting the potential existence of inversion layer shunting at the B laser-

doped contacts [212, 213]. 
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Figure 3-15. Reflectance (black squares) and IQE measured for a bifacially-plated cell with SiO2/SiNx 

rear passivation with (red circles) and reduction of the IQE recorded at long wavelength without a bias 

light due to insufficient carrier injection to form an inversion layer(blue triangles) (from [201]).  

By the end of 2012, it was concluded that FIP could be used as a simple and fast 

metallization method to deposit Ni and Cu on p-type Si as electrical contacts for solar cells. 

Combined with bias-assisted LIP, FIP could be used for the fabrication of bifacial cells. The 

key processes for successful Ni and Cu deposition on p-type laser-doped grooves were 

identified to be: (i) sufficiently slow p-type laser-doping (i.e., 0.5 m s
-1

) to prevent the 

formation of Schottky contacts at the p-type laser-doped grooves; and (ii) sufficiently long Ni 

plating duration (i.e., 5 min) to achieve the 100% Ni coverage due to increased BSG or BRL 

layer formation at low laser doping speeds.  

A cell efficiency of 17.2% was achieved on a 4.84 cm
2
 cell, however the FF was only 68% 

which was due to two main reasons. First, the Rs was high (1.6 Ωcm
2 

compared to values of 

0.8 Ωcm
2
 obtained for LDSE cells with a full-area aluminium alloyed rear electrode [214]). 

The second reason was the high local ideality factor at the maximum power point which was 

concluded to be caused by the (slow) laser-doping process possibly resulting in defect 

formation both at the surface and in the bulk of the Si wafer. These two problems were 

addressed through the research reported in this chapter. 

As mentioned in Section 3.2.2, “forward-bias” plating was developed in Europe 

independently of the FIP development described in this thesis. It was first applied to the 
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direct plating of Ni/Cu to Si by Bartsch et al. on B emitters of n-type cells [215] using Rena-

manufactured cup plating and inline plating tools. As with cells plated using FIP, uniform 

plating was achieved and Figure 3-16 shows a Cu finger uniformly-plated on a p-type emitter 

surface of an n-type cell plated using “forward-bias” plating. Unlike the bifacial cell plating 

described in this chapter, the electrode contact to the n-type cell surface for Bartsch et al.’s n-

type cells could be the same as that used for bias-assisted LIP as the n-type surface was fully 

conductive (i.e., covered with metal). This contacting approach is not possible if the n-type 

surface is coated with a dielectric as with the bifacial laser-doped cells described here. A key 

innovative contribution of the research summarised in the preceding sections was the 

development of a “soft” electrode material that could contact the Si exposed through patterns 

of openings in a dielectric layer.  

 

Figure 3-16. Morphology of a forward-biased plated Ni-Cu contact from Bartsch et al. showing 

continuous Cu fingers (from [215]). 

The development of the bifacial plating process is summarised in Figure 3-17. Finally, 

although it may seem at first more efficient to bifacially-plate cells by contacting both grids 

simultaneously, it should be noted that the conductivity of the laser-doped grooves is 

insufficient to enable uniform plating across a 156 mm cell. In order words, Ni would only 

nucleate close the electrode contact. The described bifacial cell plating process can be applied 

when: 

 There is no seed layer metal at the regions to be metallised; and 

 When both surfaces are coated with dielectric layers. 
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Figure 3-17. Development of FIP at UNSW from 2010 to the end of 2012, where green squares are the 

development in year 2010, blue are in 2011 and grey are 2012. 

3.3 Laser Doping Optimization 

3.3.1 Introduction 

As discussed in Section 3.2, although FIP showed great potential for the plating of bifacial 

laser-doped solar cells, two performance-limiting problems remained at the start of this thesis 

research. These problems were due to the laser doping process. First, the Gaussian 

distribution of the laser beam [153, 216-218] can cause laser damage at the edges of the laser-

doped grooves which can reduce the cell VOC and impact the pFF, and second non-uniform 

doping and residue of BSG or BRL remaining along the laser doped grooves can impact the 

Ni nucleation. Consequently, it was concluded that further optimization of the laser doping 

process was required. This section reports on the results of experiments which attempted to 
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identify the optimal p-type laser doping process parameters for the bifacial cells. The 

performed experiments demonstrated that the doping profile and extent of damage also 

depended on the composition and thickness of the dielectric layers, with the reflectance at 

532 nm being used to estimate the fraction of the incident laser energy that was available to 

be absorbed during laser doping. 

Although fluence is typically used to quantify the energy delivered to the surface by pulsed 

lasers, this parameter is only meaningful for CW lasers used in combination with some 

irradiation time. For this reason, in the following discussion and throughout this chapter, the 

terms laser power and laser speed are used to characterise the laser doping process.    

3.3.2 Experimental 

156 mm alkaline-textured B-doped 1-3 Ω cm Cz Si wafers were diffused to an emitter sheet 

resistance of 100 Ω/ in a POCl3 furnace. After phosphosilicate glass (PSG) removal, a ~ 10 

nm SiO2 layer was thermally-grown on both wafer surfaces using dry oxidation and 75 nm of 

SiNx (refractive index ~ 2.0) was deposited on the n-type surface by plasma-enhanced 

chemical vapour deposition (PECVD) using a Roth & Rau MAiA tool.  

The rear surface of one group of cells was then passivated by deposition of 200 nm SiNx 

(Roth & Rau MAiA) over the thin SiO2 layer (SiO2/SiNx rear passivation). The second group 

of cells was passivated by depositing a 10 nm AlOx and then 200 nm SiNx (Roth & Rau 

MAiA) (AlOx/SiNx rear passivation). The third group was passivated by deposition of 10 nm 

AlOx and then 100 nm SiNx (Roth & Rau MAiA) (AlOx/SiNx rear passivation). The 156 mm 

wafers were then laser-cleaved into wafer fragments of ~ 4 cm × 4 cm to complete the 

processing. 

All the laser doping was performed using a Spectraphysics 532 nm CW laser (15-25 W) with 

a Gaussian beam and a 1/e
2
 beam diameter of 30 m. The n-type laser doping process was as 

previously reported [33, 74, 153, 203, 219, 220] and is summarised here for clarity. After 

spin-coating the n-type surface with the 85 % phosphoric acid (from J.T.Baker), wafers were 

laser-doped using one pass at a laser speed of 3 m s
-1

.  

A series of experiments were performed to ascertain the optimum p-type laser-doping 

parameters for different dielectric stacks on the p-type surface of the cells. Initial experiments 
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relied on the use of a PBF1 B spin-on liquid source (from Filmtronics) to form the p+ laser 

doped regions on the rear surface of the cell precursors. The spin-on B source was spin-

coated at a speed of 3000 rpm for 20 s and then wafers were baked at 130 ⁰C for 10 min to 

remove organic solvents. However, due to the difficulty in achieving laser-doped grooves 

without incurring considerable damage, later experiments investigated the ability to use the 

AlOx in the dielectric stack as a p+ dopant source. This eliminated the need to first spin-coat 

the liquid B source on the wafer surface. The final cell area and exposed Si grid area were 6 

cm
2
 and 0.24 cm

2
, respectively, for all experiments reported. The process flow for the 

experiments is shown in Figure 3-18.  

The implied open circuit voltage, iVoc, was calculated from photoconductance measurements 

of the excess carrier density, n, at 1-sun using a Sinton WCT 120 tool from Sinton 

instruments using: 

     
  

 
   

  

  
                                                                              

where ni = 9.65 × 10
9
 cm

-3
 at 25 °C [221].   

The value of n was estimated using the generalised method [222] (since the wafer’s lifetime 

was ~ 120 s) and using an optical constant of 0.85 as wafers were alkaline-textured and 

coated with SiNx [223, 224]. The reflectance was recorded using a Perkin Elmer 

Spectrophotometer with a 150 mm integrating sphere. 
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Figure 3-18. Process flow used for the experiments. The processes in blue were performed by an 

industrial partner on a pilot production line and processes in green were completed at UNSW. In later 

experiments the B source spin-coating step was omitted as p+ dopants were introduced through the use of 

the AlOx in the dielectric layer. 

3.3.3 Results 

3.3.3.1   P-type Laser-doping with a B spin-on Source 

Figure 3-19 shows the influence of laser speed used for both n-type and p-type laser doping 

(with a B source) on the measured iVOC. All cells experienced a reduction in iVOC of ~ 10 mV 

after n-type laser doping. This reduction is similar to that reported by Hallam and Hameiri 

[160, 203, 225]. On the p-type surface, as the laser-doping speed was increased from 0.5 to 

3.0 m s
-1

 a larger reduction in iVOC was observed. Although more laser damage is expected 

for the slower laser-doping speed (see Figure 3-19), this trend in iVOC was also observed by 

Hallam, et al. [160] and is attributed to the formation of a shallower junction with a lower 

incorporated B concentration with faster laser doping speeds. Increased recombination occurs 

due to the increased minority carrier concentration in the laser-doped regions (i.e., less 

shielding of the minority carriers from the high recombination occurring at the surface). This 

result confirms the need to use the slower laser speed of 0.5 m s
-1 

for the p-type laser-doping 

for both contact formation and reduced recombination losses at the laser-doped regions. 
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Figure 3-19. Implied VOC changes with different p-type laser doping speeds using a 15 W laser power and 

PBF1 B source on cells with a 200 nm SiNx rear passivation layer.  

The resulting n-type laser-doped regions were smooth in the middle of the groove [see Figure 

3-20 (a)], however at the edges of the laser grooves, the SiNx layer was only partially 

removed and the tips of the pyramids had been damaged by the laser [see Figure 3-20 (b)]. 

Since the laser used had a Gaussian beam energy distribution, the SiNx regions exposed to the 

outer extremities of the laser beam experienced a lower power density [153] leading to the 

SiNx being only partially removed. Although the damage incurred by the laser appears 

substantial, it was to a large extent mitigated due to the heavily-diffused Si underneath and 

the electrical impacts were not significant as discussed by Yao et al. [214].  
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Figure 3-20. (a) Optical image of a P laser-doped groove on the n-type surface of an alkaline-textured Si 

wafer obtained using a laser speed of 3 m s
-1

; and (b) a cross-sectional SEM image of a similar laser-

doped region showing partial SiNx ablation and laser damage at the tips of pyramids adjacent to the 

groove. 

The p-type laser-doping with a spin-coated B source was performed using a laser speed of 0.5 

m s
-1

 and one pass on wafers with: (i) 200 nm SiNx; (ii) 10 nm AlOx/ 200nm SiNx, and (iii) 

10 nm AlOx / 100 nm SiNx on the p-type surface. Hallam et al. reported that the junction 

depth was ~ 5 m using these parameters  [160]. As shown in Figure 3-21 (a) and (b), the 

resulting laser doping grooves for the dielectric 200 nm SiNx and 10 nm AlOx/ 200nm SiNx 

were similar in terms of morphology and width for both dielectric layers. Unlike the n-type 

surface after laser-doping, the damage at the edges of the grooves was considerably reduced. 

The reduced damage was attributed to: (i) the higher laser energy incident on the surface 

being able to remove the dielectric layers more uniformly; and (ii) the absence of surface 

pyramids due to the rear-etching of the Si after the emitter diffusion process. However, the 

laser grooves for the 10 nm AlOx / 100 nm SiNx visually appeared significantly different 

[Figure 3-21 (c)]. At the edge of the grooves, a dark damaged region was observed where the 

SiNx layer was only partially removed. 
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Figure 3-21. Optical microscope images of p-type laser-doped grooves (using B source) obtained from one 

laser pass at 0.5 m s
-1

 at 15 W on a:  (a) 200 nm SiNx layer; (b) a 10 nm AlOx / 200 nm SiNx dielectric 

stack, on a rear-etched p-type Si surface; and (c) a 10 nm AlOx /100 nm SiNx SiNx dielectric stack, on a 

rear-etched p-type Si surface 

In order to understand the reason(s) for such different laser doping results for the different 

dielectric stacks using the same laser parameters, the reflectance of the rear surfaces was 

measured. Figure 3-22. shows that the reflectance at 532 nm (laser wavelength) of the etched 

surface with the different dielectric stacks differed significantly, especially for the surface 

passivated with 10 nm AlOx and 100 nm SiNx. Due to the high reflectance of this dielectric 

stack, only 58.5% of the incident laser energy was absorbed. Furthermore, the spin-on B 

source may have further reduced the fraction of the incident laser energy available for laser-

doping, contributing to even greater non-uniformity and increased peripheral damage 

occurring during laser doping. The measured reflectance values in Figure 3-22. highlight the 

importance of checking the impact of surface reflectance at the laser wavelength used for 

laser doping. This is especially important for rear surface laser doping where more variation 

in the thickness of the dielectric stack is tolerated.  
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Figure 3-22. Measured reflectance of the different rear passivation layers. 

3.3.3.2  P-type Laser-doping without B Spin-on Sources 

Laser doping through AlOx without B spin-on source and using AlOx layer as the p-type 

doping source has been previously reported [226, 227], with Hallam and Xiao suggesting that 

heavily-doped p+ layers could be formed with much higher laser speed. One key advantage 

of laser doping through AlOx without a B source is that a higher laser speed can be used 

which can act to reduce the peripheral laser damage. It was found that with B laser doping 

source, a lower speed is required to achieve sufficient dopant depth and concentration, 

however, for laser doping through AlOx without an added B source, use of a higher laser 

speed can achieve sufficient doping. In addition, the resulting shallower p+ layer appears to 

cause less laser damage, in particular reducing damage that may penetrate deeper into the 

wafer from the doped regions (e.g., dislocations and lattice mismatch), making possible 

higher cell  FFs and efficiencies [219, 226]. 

Three laser speeds were tested for laser doping without B source through 10 nm AlOx/ 100 

nm SiNx dielectric stacks and the results are shown in Figure 3-23. At the laser speed of 0.5 

m s
-1

, the edges of the grooves were dark due to laser damage and cracks were evident [see 

Figure 3-23 (a)]. Increasing the laser speed avoided the crack formation and reduced the 

damaged area at the edges of doped grooves [see Figure 3-23 (b),(c) and Figure 3-24 (a)]. 

With a laser speed of 7 m s
-1

, there was almost no laser damage evident at the edges of doped 
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regions [see Figure 3-24 (a)]. In addition, the width of the doped groove decreased with laser 

speed, from 30 m at 2 m s
-1 

to only 12 m when a laser speed of 7 m s
-1

 was used.  

It was also observed from the SEM image in Figure 3-24 (b) that use of the faster laser speed 

resulted in bulged laser-doped regions, instead of grooves. It is believed that the “bulging” is 

due to the fast laser speed resulting in the melting of a very shallow layer of Si which 

expands out at the surface due to the fluid surface tension and thermal expansion as described 

in Refs [228-232].   

 

Figure 3-23. Optical microscope images of laser-doped grooves formed without spin-on B source through 

10 nm AlOx and 100 nm SiNx dielectric stacks at a power of 25 W with laser speeds of: (a) 0.5 m s
-1

; (b) 

2 m s
-1

; and (c) 4 m s
-1

. 

 

Figure 3-24. (a) Optical microscope images\ showing laser-doped grooves through 10 nm AlOx and 100 

nm SiNx dielectric layers at a laser power of 25 W with laser speeds of 2 and 7 m s
-1

; and (b) a SEM image 

of a laser-doped groove formed using a laser speed of 7 m s
-1

. 

The fast laser speed is advantageous in: (i) ensuring narrower laser openings and reducing the 

laser damage and non-uniformity at the laser groove edges [160]; and (ii) reducing voids or 
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cracks forming in the Si bulk (see Figure 3-25.) compared to lower laser doping speeds 

reported in [226]. 

 

Figure 3-25. Cross–sectional SEM image showing the laser doping without B source on 10 nm AlOx and 

100 nm SiNx stack using a laser power of 25 W and a laser speed of 7 m s
-1

. 

3.3.4 Conclusions 

For the fabrication of plated bifacial laser-doped selective emitter cells, laser doping is a 

critical process which determines the electrical performance of the metallization process.  For 

n-type surfaces, the most critical issue that is faced is laser damage at the edges of the laser 

grooves. This damage, which has been investigated previously [133, 153, 225, 226], is 

attributed to the Gaussian distribution of the laser beam and its interaction with pyramid-

textured surfaces, and results in non-uniform P doping and incomplete SiNx opening occurred 

at the edges of laser grooves. Consequently, a top-hat laser beam [233] and smaller textured 

pyramids are preferred for an n-type (front surface) laser doping process since there is less 

light scattering effects [234-236].  

On the p-type (rear) surface, a higher laser power was required to achieve sufficient B laser 

doping (using a spin-on B source) to avoid the formation of Schottky contacts. However, 

different rear surface dielectric stacks can result in significant differences in the reflectance at 

the laser wavelength of 532 nm. Dielectric stacks consisting of 10 nm AlOx / 100 nm SiNx 

and 10 nm AlOx / 200 nm SiNx reflected 41.5% and 2.6% of incident 532 nm light, 

respectively. Consequently, the laser doping conditions needed to be adjusted according to 
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the surface reflectance to ensure similar laser energy absorption. The laser power was 

increased from 15 to 25 W for the dielectric stacks having higher reflectance.  

Finally, it was demonstrated that laser doping through AlOx without a B spin-on source can 

also achieve p+ selective emitter formation. By using the AlOx layer as the source of p+ 

doping, faster laser speeds can be used enabling a reduction in both peripheral laser damage, 

and the elimination of voids and cracks both within the grooves and at the edges of the laser-

exposed regions. With the faster laser speeds, the doped regions appeared to be ‘bulged’ due 

to the thermal expansion and fluid surface tension. It was therefore concluded that fast laser 

scribing through AlOx (i.e., laser doping without a spin-on B source) may be a promising 

option for increasing the efficiency of the bifacial laser-doped p-type cells.   

3.4 Plating Optimization 

3.4.1 Introduction 

Electroplating has been widely used for many diverse applications, from plated integrated 

circuit boards to water taps for corrosion prevention in aviation [237-241]. It is commonly 

known that the key factors for successful electroplating are surface pre-treatment and 

deposition condition control (e.g., plating current density). However, unlike many 

applications which involve large parts with high strength and have sacrificial surfaces that 

can endure etching pre-treatments, Si solar cells are fragile, protected by thin layers of 

surface SiNx, and the plating of metal grid electrodes involves the growth of very thin and 

typically long linear elements adhering to limited areas of Si.  

The electrochemistry of the plating is further complicated by the fact that metal is required to 

plate to a semiconductor [114], rather than the typical case where metals are plated to metal 

parts. This fact introduces further complexity, as the semiconductor device must be operated 

or controlled in such a way that electrons are delivered to the surface where metal is required 

to be plated. For example, as described earlier in this chapter, illumination can be used to 

provide a source of electrons to exposed n-type Si regions, and a bias potential can be used to 

provide a source of electrons to a p-type Si surface. This section reports on the results of 

experiments which aimed to develop a reliable process to plate Ni and Cu to both n-type and 

p-type laser-doped grooves, and in doing so enable bifacial cell plating.   
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3.4.2 Plating Rate Considerations and Implications 

Bias-assisted LIP and FIP are through-wafer plating processes and so there are a number of 

ways in which a bias current or voltage can be applied to the cell. The bias current or voltage 

that is applied depends on the resistances in the circuit and the chemical formulation being 

used. The following section discusses some considerations and implications of plating rate 

control during bias-assisted LIP and FIP.   

3.4.2.1  Control Mechanisms 

Plating to solar cell surfaces can be performed by controlling either the voltage or current of 

the applied power source. The use of the different control mechanisms for LIP was 

investigated using equivalent circuit analysis by Yao [146]. She concluded that use of 

voltage-control was preferable for LIP of laser-doped cells because these cells can have non-

uniform distribution of Rs (see for example [242]). Use of voltage-control reduces the 

probability of the cell operating under reverse bias at localised emitter regions. Performing 

LIP whilst the solar cell is operating under reverse bias can result in non-uniform Ni plating 

[147], and in extreme cases can cause electrical damage to the solar cell [146, 147]. 

Consequently in this study, bias-assisted LIP for both Ni and Cu was performed in 

potentiostat mode (voltage-controlled), with bias voltages being selected which were 

sufficient to offset the resistances in the electrochemical circuit whilst maintaining the cell 

under forward bias. However, FIP was performed in galvanostat mode (current-controlled) to 

ensure a tight control on the plating rate as small changes in applied voltage can result in 

significant changes in the plating current which can affect the morphology of the deposits.  

3.4.2.2  Plating Rate Limitations Due to Chemistry 

From an electroplating perspective, use of current-control is preferable because it allows for 

tighter control of the plating rate. Proprietary plating chemistries are provided with Technical 

Data Sheets (TDSs) which specify the plating rate range over which the chemistry will result 

in metal deposits with desirable and specified properties. In addition to requiring that the 

metal ion concentration remain within a specified range, most, if not all, proprietary plating 

formulations contain additives that can enhance the metal properties of the deposited metal 

[243-246]. For example, chloride ions (through addition of HCl) and polyethylene glycol 
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(C2nH4n+2On+1) are typically used as additives for Cu acid plating electrolytes to control the 

plating speed and improve the Cu deposition uniformity [247, 248]. Polyethylene glycol can 

be absorbed to the Cu surface and significantly reduce the Cu deposition rate [247]. Chloride 

ions can enhance adsorption of Cu and hence improve the Cu plating uniformity [247], 

However, Shao et al.[248] show that Cl ions can also result in dendritic growth of plated Cu 

(see Figure 3-26). Addition of Cl ions increases the grain size of the plated Cu and decreases 

the density of the growing nuclei, due to the reduction of Cu
2+

 first to CuCl2 to then to Cu. 

The latter reaction becomes the rate-determining step when the Cl ion concentration is high 

[248].  

 

Figure 3-26 SEM images of: (a) uniform Cu deposition in the absence of Cl ions; and (b) plated Cu in the 

presence of Cl ions resulting in dendritic growth (from [248]). 

Other organic additives such as sulfo sulfonate compounds (R1-(S)n-RSO3M) and alkylated 

polyalkylenemine (H2N-(CH2)n-NH-R) are also frequently used as additives. These additives 

can improve the brightness of the plated metal and are known as leveling additives or 

brighteners [249]. They result in smoother plated Cu and a highly reflective surface with 

higher plating current densities. These additives also can increase the hardness of the plated 

Cu.  

However, the concentrations of metal ions and additives can change with time if a plating 

electrolyte is re-used. Although metal ions are replaced by a corroding anode during 

electroplating (also in LIP and FIP), the metal ion concentration can change due to  

evaporation of the solvent (e.g., water), especially if elevated temperatures are used for 

plating. Additives can be consumed through either reacting or through decomposition at 
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higher temperatures. Consequently it is necessary to periodically check that the plating is 

being performed at the correct plating rate for a possibly aged electrolyte. 

3.4.2.3  Optimizing the Plating Rate  

When plating metal grids to cells, the surface area being plated must be estimated, in order to 

determine the current to apply to the electrode on the other surface of the cell to ensure the 

required current density at the exposed Si areas. The optimum plating rate, Iplating, can be 

estimated using:      

                                                                                                       

where JDS-middlerange is the mid in the optimal range specified for the chemistry, Afingers, ABusbars 

and AIntersections represent the area of the fingers, busbars and intersection regions, respectively. 

If fresh plating electrolytes are used for each experiment then it can be safely assumed that 

Iplating can be set according to Eq. 3-5. However, typically plating electrolytes are re-used. 

This means that the metal ion and additive concentrations may vary with time and 

consequently the optimum plating rate may drift for the electrolyte. One way to ensure that 

you continue to plate at the optimum rate for a particular chemistry, especially if the 

electrolyte may have aged, is to periodically perform a Hull cell test [250] (see Figure 3-27).  

In this test, a “test plate” cathode is placed at an angle with respect to the anode so the plating 

current at each point on the test plate increases as the distance to the anode decreases. The 

morphology of the metal plated on the test plate can then be examined and correlated to a 

calibrated plating current. 
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Figure 3-27. Hull Cell test arrangement for determining the optimal plating current for an electrolyte. 

Figure 3-28 shows the Hull cell result when new (fresh) Ni and Cu electrolytes are used. 

Using a provided “ruler” that correlates anode-cathode distance to plating current, the bright 

and uniform regions of the plated test cathode identify the optimal plating rate ranges. For the 

Cu and Ni Hull tests, the middle region is at the correct plating current density window where 

deposited metal is uniform. Due to a high current density at the left corner of the Cu test 

plate, the deposited metal peeled due to very fast and non-uniform deposition.  

 

Figure 3-28. Hull cell Ni and Cu plate cathode sheet shows gradients of metal deposition morphology. For 

Cu plating, the optimum plating occurred in the middle of the sheet where uniform and bright plated Cu 

is observed. Note, due to the uniformity of the plating in this region, the camera image appeared dark due 

to the reflection of light. The Ni plating test plate shows evidence of runaway plating at fast plating rate 

(right hand side) and less Ni plating when plating rate was significantly reduced on the left hand side of 

the plate. 
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3.4.3 Bifacial Cell Plating Process Development 

This section describes the development of the bifacial cell plating process, with a particular 

focus on the plating process for p-type laser-doped grooves. 

3.4.3.1   Experimental 

The plating process adopted by experiments reported in this section is summarised in Figure 

3-18 and is described in more detail below with attention being given to the reasons for the 

different surface treatments and the selection of the bias voltages and currents used for 

experiments. 

In all experiments the p-type and n-type laser-doped grids were aligned to each other so that 

during FIP current flowed directly through the wafer. This alignment was performed because 

Vais and Zhao had previously noted that, if the laser-doped grids were perpendicular to each 

other, then dendritic plating occurred at points where the grid intersected and reduced plating 

was observed in grooves where there was no overlap [198, 200, 201]. 
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Figure 3-29. Experimental process flow for the plating of the bifacial laser-doped cells. The blue squares 

represent the first bias-assisted LIP and FIP plating process and grey squares shows the second bias-

assisted LIP and FIP plating process after sintering. 

After laser doping on both cell surfaces, wafers were immersed in 1% (w/v) HF for 1.5 min 

to remove the PSG and any remaining BSG (which may have formed during the laser doping 

process) and therefore ensure that both the n+ and p+ laser-doped surfaces were residue and 

oxide-free before metal plating. Wafers were then quickly rinsed in running DI water to 

remove most of the adherent HF and limit drag-out of HF into the Ni plating solution. 

Presence of HF in the plating chemicals can result in unnecessary etching of SiNx during Ni 

plating and subsequent “ghost plating” or overplating as current leaks through thin dielectric 

regions or pinholes [251].  

In the bias-assisted LIP, Barrett SN1 nickel sulphamate (obtained from MacDermid) was 

used as the plating electrolyte, the light intensity at the wafer surface during plating was 250 

W/m
2
 and plating was performed using voltage control mode with a 1.2 V reverse bias to 

maintain the relatively constant plating current density of 15 mA/cm
2
. Afterwards, wafers 

were then rinsed quickly in DI water and then immersed in 1% (w/v) HF for 10 s, to remove 

n+ and p+ laser 
doping 

Double side 1% 
HF deglazing for 

1.5 min 

Rinse in DI water 
for 10 s 

Bias-assist LIP Ni 
for 2 min 

Rinse in DI water 
for 10 s and blow 

dry in N2 

p-type surface 
single side 1% HF 
deglazing for 10 s 

Rinse in DI water 
for 10 s 

FIP Ni for 5 min 

Rinse in DI water 
for 10 s and blow 

dry in N2   

Sinter at 350 ⁰C  
for 2 minsin N2 

ambient 
FIP Cu for 10 min  

Rinse in DI water 
for 20 s and blow 

dry in N2 

Bias-assist LIP Cu 
for 10 min 

Rinse in DI water 
for 20 s and blow 

dry in N2 
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any oxide formation in the p+ grooves that may have occurred during the plating of Ni to the 

n-type Si surface. Unlike BSG or PSG, native Si oxides are relatively easy to remove by 1% 

HF, consequently an immersion duration of only 10 s was sufficient. It was also important to 

keep this second HF immersion step very short to ensure limited further etching of the SiNx 

dielectric surfaces of the bifacial cells.  

Field-induced plating of Ni to the p-type laser-doped grooves was then performed whilst the 

n-type surface of the cell was contacted by the plating apparatus. Wafers were then rinsed, 

dried and sintered in a tube furnace at 350 °C for 2 min in N2 ambient. This process has been 

used previously [30, 133, 252] and the assumption was that it results in the formation of a Ni 

silicide which acts to reduce contact resistance [253-255] and improve contact adhesion 

[256].  

Copper was then directly plated on the sintered Ni layer after immersion in 1 % HF for 5 s to 

remove the oxide using FIP followed by bias-assisted LIP (bias voltage of 0.1 V), each for 10 

min, using a Technisol Cu 2440 solution (obtained from Technic, Inc) to form a Cu grid on 

both wafer surfaces of height ~ 9 µm.  

The optimum cathode current density for the Barrett SN1 and Technisol Cu 2440, as 

provided in the Technical Data Sheets, were 5 to 216 mA/cm
2
 and 40 to 60 mA/cm

2
, 

respectively. The plating (cathode) current densities used for FIP were 35 mA/cm
2
 and 50 

mA/cm
2
 for Ni and Cu, respectively. 

3.4.3.2   Results and Discussion 

Although Iplating can be set as reported in Section 3.4.2.3, if overplating occurs due to pinholes 

in the SiNx, edges effects, scratches or other defects, the effective opening area will be 

different. Furthermore, remaining PSG/BSG or oxides can also contribute errors to the 

calculated plating rate resulting in non-optimal values of Iplating being used. Figure 3-30 (a) 

shows that very little Ni was deposited and some metallic grey regions were apparent on the 

surface when Ni FIP was performed for 2 min using a plating current density of 15 mA/cm
2
 

(calculated from Eq. 3-5). It was concluded that the sparsely-plated regions may have been 

due to some BSG remaining after deglazing in HF. Consequently, in order to achieve full 

coverage of Ni, the plating current density was increased to 35 mA/cm
2
 for a duration of 2 

min. This plating current density was still within the optimum plating range specified for the 
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Barrett SN1 chemistry. However, due to the now large plating current passing through the 

partially-opened grooves, the actual plating current density was significantly higher in some  

groove locations, and consequently, ‘run away’ plating was observed [see Figure 3-30 (b)] in 

which oxidized Ni appeared green and ‘lumpy’ (as on the left side of the Hull test plate sheet  

in (see Figure 3-28).  

 

Figure 3-30. Optical microscope images showing different Ni morphology plated by FIP: (a) where the 

presence of localised BSG residue resulted in limited Ni deposition in 2 min at 15 mA/cm
2
; and (b) where 

use of the increased 35 mA/cm
2
 plating current resulted in oxidised Ni after plating for 2 min. 

The insufficient removal of surface residue can be rectified by either increasing the HF 

deglazing time or increasing plating time. However, increasing the HF deglazing time also 

increased the likelihood of over plating since the SiNx layer was slowly etched during 

deglazing. It was determined that the SiNx stack layers used for the bifacial cells could only 

be exposed to 1% HF or a maximum of 1.5 min before pin holes formed in the dielectric. 

Consequently, the approach that was adopted was to increase the plating duration from 2 to 5 

min, after which the laser-doped grooves were fully covered with bright Ni. The surface 

morphology, however, was not smooth since the plating followed the contour of the laser-

doped surface in the groove [Figure 3-31(b)]. The PSG was relatively easy to remove on the 

n-type laser-doped grooves, and after 2 min of Ni plating at 15 mA/cm
2
, a uniform, bright 

and smooth layer of Ni was obtained [Figure 3-31 (a)].  
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Figure 3-31. Optical microscope images showing uniform and sufficient Ni plating from: (a) bias-assist 

LIP in 2 min; and (b) FIP Ni for 5 min at 15 mA/cm
2
. 

Unlike laser doping using a B source (where BSG forms during the laser-doping step), when 

laser-scribing (i.e., laser doping in the absence of a B source) only 1 min immersion in 1% 

(w/v) HF was sufficient to remove all the residual oxide after laser doping. Consequently a 

lower plating current density of 10 mA/cm
2
 for a duration of 2 min could be used to achieve 

grooves fully covered with uniform and bright Ni for the cells with AlOx/SiNx (see Figure 

3-32).  

 

Figure 3-32. Optical microscope image showing uniform and full coverage of Ni plated using FIP for 2 

min at 10 mA/cm
2
 after laser-doping through AlOx/SiNx without B source. 

The optimisation process that is required for Cu plating is similar to that described for Ni 

plating. With an optimised plating current density, a uniform layer of Cu was deposited on 

the plated Ni to form the fingers and busbars (see Figure 3-33). A too-low plating current 

density or duration resulted in an insufficient thickness of Cu and high Rs. On the other hand, 

too high a plating current density resulted in dendritic crystallization of Cu (see Figure 3-34) 
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which occurs due to the unstable crystal growth when the growth rate is limited by the rate of 

Cu ion diffusion in the plating electrolyte. Dendritic Cu should be avoided since it is often 

not continuous and is easy to peel. 

 

Figure 3-33. Uniform Cu plating arising from: (a) bias-assisted LIP Cu on n-type laser-doped grooves at 

0.1 V bias voltage for 10 min; and (b) FIP Cu on the p-type laser-doped grooves at plating current density 

of 20 mA/cm
2
 for 10 min. 

 

Figure 3-34. Optical microscope image showing dendritic crystallization of Cu arising from use of too 

high a plating current density.  The Cu was plated at 120 mA/cm
2
. 
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Unlike the light-induced current which is uniformly-generated in the emitter and flows 

laterally towards the n-type laser-doped grooves, the bias current in FIP flows through the n-

type laser-doped grooves, and then through the wafer towards the exposed p-type laser-doped 

grooves.  If the edges of the wafer are not well passivated with SiNx, then the electrolyte can 

extend over them during single-side plating due to surface tension and plate to the non-

passivated regions (see Figure 3-35). This plating at the wafer edges not only creates a path 

for shunting but also reduces the deposition rate of Cu at the p-type metal fingers. To address 

this issue it was necessary to adequately passivate the edges of the wafer during FIP.  

 

Figure 3-35. (a) Schematic diagram showing plating at the wafer edge during FIP due to lateral current 

flow; and (b) photo showing Cu plated at the edge of the wafer. 

3.4.4 Conclusions  

In this section, the requirements for effective plating of bifacial laser-doped Si solar cells 

were reported. It was concluded that there are two key factors that must be addressed in the 

plating process. 

First, the laser-doped groove surfaces must be free of residue from doping and oxides before 

plating.  Phosphorus laser doping will result in a residual PSG with lower laser-doping speeds 

resulting in heavier doping and more PSG residue at the surface which necessitates a longer 

HF deglazing time. On the p-type surface, if B spin-on sources are used for laser-doping, then 

a low laser-doping speed is required in order to avoid Schottky contacts. This low speed 

results in a residual BSG or BRL, which requires a longer deglazing time than required for 

the PSG residue. If plating is attempted without removing the residue, then the current 

applied to the rear of the cell is not uniformly distributed over the laser-doped grooves and 

dendritic ‘run away’ plating can occur. Consequently, it was concluded that an effective 
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strategy when some residue may remain was to plate with a low current density (e.g.,15 

mA/cm
2
) for a longer duration. Although the Ni nucleation may be non-uniform, the deposits 

eventually grow together to fully cover grooves. However, it should be noted that this 

strategy may have implications for contact adhesion which is discussed further in Chapter 5. 

The second key factor is the correct selection of the plating current density and maintenance 

of the plating electrolytes. The plating current density for both Ni and Cu plating needs to be 

calculated based on the laser-doped opening area and should lie within the recommended 

plating rate range for the provided chemistry formulation. If it is possible that some residue 

remains on the laser-doped grooves, then it is best to plate Ni at a lower rate in the allowed 

range to reduce the possibility of ‘run away plating’ in the regions that are clear of residue. 

Similarly the plating rate of Cu needs to be well controlled so dendritic crystallization of Cu 

can be avoided. Plating rate control during FIP can be made more difficult if the edges of 

wafers are not well passivated. If the wafer edges are wet during plating then the current can 

flow through the edges and result in edge plating. This is most evident for Cu where the edge 

deposits are visually evident. Wafer edge plating can result in insufficient Cu deposition on 

the p-type laser-doped grooves and, if excessive, shunting. This edge plating should be 

avoided by insulating the exposed edges of the wafers from plating electrolyte. Finally, 

correct plating rate control also requires that the electrolyte should be carefully monitored 

due to the consumption of ions and evaporation of organic additives. 

3.5 Bifacial Cell Fabrication 

3.5.1  Introduction 

Section 3.2.2 reported that Schottky contacts could result at p-type contact regions due to 

insufficient B doping. It has been shown that by reducing the laser doping speed and 

optimising the Ni/Cu plating process as explained in Section 3.4, Ohmic metal contacts can 

be achieved. However, in order to avoid the inversion layer shunting, which was concluded to 

contribute to the low FF reported in Section 3.2, a cell structure which employs a dielectric 

layer containing negative charges (e.g., AlOx) was used in the further optimization of p-type 

bifacial solar cells since this negatively-charged layer induces an accumulation layer at the p-

type surface [257-259]. This section reports on the fabrication of p-type bifacial laser-doped 

cells utilising the optimisations that have been discussed in the previous sections of this 

chapter. 
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3.5.2 Experimental 

The process flow for the contact structuring and metallization was as shown in Figure 3-18 

and Figure 3-29. In one group of cells (Group A), the p-type surface was passivated with 10 

nm AlOx/200 nm SiNx and in the second group (Group B) of cells a 10 nm AlOx/100 nm SiNx 

layer was used. Both groups were passivated with 10 nm SiO2 and 70 nm SiNx on the n-type 

surface. The cell precursors were obtained from a screen-printed PERC production process, 

therefore, the rear SiNx layer thickness was optimized for PERC cell contacting rather than 

for bifaciality. All cell precursors were obtained from a pilot line of an industry partner. The 

different rear passivation layers arose due to changing pilot line processing parameters and 

were not an intended variation in the experimental design (see Table 3-1).  

Table 3-1. Cell precursor details and laser doping conditions used on the p-type surface for Groups A and 

B. Group 2012 represents the comparative details of the cell structure discussed in Section 3.2.3 and used 

in this section as a reference. 

Groups 

Front (n-type) 

Passivation 

Rear (p-type) 

passivation 

Laser doping conditions 

on p-type surface 

Group A 10 nm SiO2/70 nm SiNx 10 nm AlOx/200 nm SiNx 

Laser doping (0.5 m s
-1

) 

with B spin on source 

Group B 10 nm SiO2/70 nm SiNx 10 nm AlOx/100 nm SiNx 

Laser doping (2 m s
-1

) 

without B spin on source 

Group 2012 10 nm SiO2/70 nm SiNx 10 nm SiO2/ 200 nm SiNx 

Laser doping (0.5 m s
-1

) 

with B spin on source 

The p-type plating process was as described in Section 3.4 (i.e., Ni was plated with FIP for 5 

min at a current density of 15 mA/cm
2
 to achieve full coverage and then 10 m Cu was 

plated (20 mA/cm
2
) after 2 min Ni sintering.  

Initial experiments involving the Group B cells resulted in large amounts of overplating. This 

problem was addressed by annealing the cells in a belt furnace (700 ⁰C and 4600 mm s
-1

) 

after both laser-doping steps had been performed. This step acted to densify the SiNx and 
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recover some of the recombination loss due to laser-doping. Figure 3-36 shows PL images of 

a representative Group B cell after each of the steps. After laser doping, the damage due to 

the laser was obvious as the PL intensity was significantly reduced at the finger and busbar 

regions. The belt furnace annealing recovered some of the laser damage presumably due to 

hydrogen from SiNx layer being released in the cell. After Ni and Cu plating, the PL intensity 

reduced slightly due to the metal contact recombination and shading from the plated grid, 

however it was still higher than immediately after laser doping.  

 

Figure 3-36. Photoluminescence  images of a representation Group B cell: (a) immediately after 

laser doping; (b) after belt furnace anneal (700 ºC and 4600 mm s
-1

); (c) after Ni plating; and (d) 

after Cu plating. All PL images were recorded with an exposure of 0.5 s at 5 V and are shown 

with the same intensity scale. 

Sintering after Ni plating (for 2 or 5 min in a N2 environment at 350 ⁰C) was also attempted 

for the Group B cells in an attempt to increase the FF of the cells. 

The fabricated cells were analysed using an in-house I-V tester in which the light intensity 

was calibrated to be 1-sun using a reference screen-printed cell. The measurement was 

performed with the n-type surface illuminated and the rear p-type metal grid in contact with 

the temperature controlled Cu block. The fabricated cells were also characterised using a 

Sinton Suns-Voc tester and spectral response measurements using QE/IOCE Measurement 

System from PV measurements Inc. 

3.5.3 Results and Discussion 

3.5.3.1    Group A  

The J-V data recorded for Group A cells is presented in Table 3-2. The average cell 

efficiency and FF were 19.0% ± 0.2 and 0.75 ± 0.3, respectively. The high Jsc (40.3  0.4 

mA/cm
2
) of the fabricated cells was due to the low metal shading fraction (estimated to be 

4.1%) and the effectiveness of the rear AlOx/SiNx layer in trapping light in the device. 
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Although it is possible that the measured Jsc incorporated some albedo factor due to light 

passing out the rear of the cell and being reflected back into the cell by the Cu block, it was 

considered that this contribution was not significant as the Cu block was not highly reflective 

and most light transmitted through the cell was most likely either scattered or absorbed in the 

block. 

The average implied Voc of the cells before laser-doping and plating was 670 mV, 35 mV 

greater than the average actual Voc values of 635  3 mV. 57% of the Voc reduction was 

attributed to the laser-doping processes, since after laser doping the iVoc after laser doping 

anneal was 650 mV.  The greatest Voc loss occurred due to B laser-doping process. The Voc of 

devices was also limited by some overplating on the n-type surface due to scratches in the 

SiNx anti-reflection coating (ARC). Although the use of a thin SiO2 layer under the SiNx 

ARC is effective in minimising overplating [251], if the SiNx becomes scratched in any way 

during the wafer handling, overplating can still occur. When metal plates to these scratched 

regions it contacts the lightly-doped emitter and, because there is limited shielding of the 

minority carriers at these sites, recombination can be enhanced at the surface and the Voc is 

reduced. However, no overplating was observed for the p-type surface even though that 

surface was also protected by a SiNx layer. It is proposed that over plating does not occur on 

the p-type surface because the current flows directly from the n-type to the p-type laser-doped 

regions during FIP and does not flow laterally along the p-type surface. In LIP, electrons are 

collected uniformly by the emitter and then travel laterally in the emitter towards the n+ 

regions. This means that high electron concentrations occur in the n-type Si emitter exposed 

by any defects in the ARC. 

The cell efficiency was limited by the low FF of 74.7  0.3. The average pFF, obtained from 

Suns-Voc measurements, was 80.0 ± 1.0 which is 2-3% lower than the ideal (n = 1) value 

estimated from the Voc [260] which was 83.4%. It is also significantly lower than values of ~ 

83.6% [74] that have been measured for n-type laser-doped plated cells with a full area Al 

BSF. This suggests that laser-damage, largely from the B laser-doping, is contributing to the 

low pFF.  

The Rs values in Table 3-2 were estimated from the J-V curves measured at different light 

intensities [261]. The average Rs value of 0.89 ± 0.25 is higher than values of 0.28 Ω cm
2
 

measured for single-sided laser-doped cells in [214]. The contribution of spreading resistance 
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to Rs due to current crowding through the p-type bulk to the rear fingers was estimated to be 

0.21 Ω cm
2
 using the analysis described by Dullweber, et al. [262].  

Table 3-2. Light J-V measurements for a batch of three laser-doped plated bifacial solar cells (Group A). 

The error bars represent the maximum and minimum values. 

 

Voc 

(mV) 

Jsc 

(mA/cm
2
) 

FF 

(%) 

pFF 

(%) 

Efficiency 

(%) 

Rs 

(Ω.cm
2
) 

Average 

Best cell 

635 ± 3 

632 

40.3 ± 0.4 

40.7 

74.7 ± 0.3 

75.0 

80.0 ± 1.0 

81.0 

19.0 ± 0.2 

19.2 

0.89 ± 0.25 

0.96 
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Figure 3-37 compares the J-V curves of the most efficient Group A and Group 2012 cells. 

Improved performance is evident on two aspects. First, the Group A cell has a higher JSC due 

to the more optimized rear passivation dielectric stack containing AlOx. Secondly, the FF of 

the Group A cell was increased from the value of 0.68 measured for the Group 2012 cell (see 

Section 3.2.3) to 0.75. The local ideality factor was significantly reduced over all injection 

levels (see Figure 3-38) and was ~ 1.5 for the Group A cell at MPP, compared to ~ 2.2 for the 

Group 2012 cell. The reduced local ideality factor was attributed to the interfacial AlOx used 

for the Group A cell acting to eliminate inversion layer shunting due to non-uniform B laser 

doping. The ability of the AlOx layer to eliminate the inversion layer contributions was also 

evident in the QE measurements. For the Group A cells, there was no significant difference in 

the EQE with and without bias light comparison (see Figure 3-39 and the discussion in 

Section 3.2). The improved rear surface performance of the cells passivated with AlOx/SiNx 

also contributed to the Jsc increase of 1.24 mA/cm
2
 due to the higher QE response between 

650 and 1100 nm over the cells in Group 2012 passivated with SiO2/SiNx. 

 

 

Figure 3-37.  Comparison of J-V curves between the most efficient Group A (black) and Group 2012 (red) 

cells. 

Figure 3-38 shows that significant higher order (n > 1) recombination still occurred in the 

Group A cells which limited the FF of the final cell. This problem was further investigated 
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using QSSPC and QSSPL and the results of these investigations are reported in Chapter 4  

and also in Refs [263, 264]. 

 

Figure 3-38. Local ideality factor curve of Group A (black) and Group 2012 (red) cells, Group 2012 cells 

shows more bumps and lumps in the curves suggested more recombination occurred in cells. 

 

Figure 3-39. External quantum efficiency of representative Group A and 2012 cells showing the effect of 

bias light. The Group 2012 cell, which was passivated with SiO2/SiNx on the rear (p-type surface) 

experienced a reduced EQE in the 900-1200 nm wavelength range when no bias light was used. 
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The three major sources of loss incurred in solar cells are optical, resistive and 

recombination. The external quantum efficiency (EQE) and 1-reflection data for the most 

efficient Group A cell (19.2%) are shown in Figure 3-40. The loss analysis, which is based on 

the analysis reported in [265], visualises the optical and parasitic absorption losses at 

different wavelengths during the operation of a solar cell under one-sun AM1.5G 

illumination. The red region in Figure 3-40 represents the loss due to metal shading and front 

surface reflection, and the light blue region represents the losses due to the escape of long 

wavelength light from the front surface. The dark blue region represents the light, which is 

absorbed by the cell, but does not result in the generation of current (i.e., losses due to 

absorption of light by the metal or the SiNx ARC). These losses are referred to as non-perfect 

internal quantum efficiency (IQE) losses.  

By using the loss analysis method described in [266], the power loss of each mechanism was 

quantified and the distribution of power loss at one-sun maximum power point (MPP) is 

illustrated in Figure 3-41 and presented in detail in Table 3-3. The dominant loss in the cell is 

the forward-bias current at MPP which contributes 35% to the total loss, followed by series 

resistance at 20% and metal shading at 18% of the total power loss. The total power loss for 

the analysed cell was 6.8 mW /cm
2
 which was slightly less than the 7.3 mW/cm

2
 estimated 

for the 18.1% efficient screen-printed cell analysed by Aberle et al. [266]. However, although 

the plated cell demonstrated reduced optical losses compared to the screen-printed cell, its 

diode saturation current losses and resistive losses were increased.  

The optical losses of the plated laser-doped cells can be further reduced by minimising 

damage to the SiNx during processing and, with shorter HF deglazing durations, overplating 

can be eliminated. Additionally, the use of lasers which do not create so much lateral damage 

will allow narrower plated lines which will further reduce optical losses.   

Reduction of recombination losses requires that the laser-damage incurred with the B laser 

doping process is reduced. This is perhaps the most challenging improvement as the 

experiments reported in Section 3.2.3 demonstrated the need to form a heavily-doped surface 

layer for ohmic contact to the plated metal. This necessitated a slower laser speed which is 

responsible for generating the lateral laser damage due to the deep melting and re-

crystallization of Si during B laser doping. There are also recombination losses that can be 

eliminated by the reduction of overplating. Although these losses are not significant for cells 

which have only n-type laser-doped plated contact grids [74] , as evidenced by pFF values 
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exceeding 82%, the longer HF immersion duration required for these bifacial cells in order to 

etch the BRL/BSG caused additional thinning of the front surface SiNx and hence more 

overplating. This problem could be addressed by using a more dense layer of SiNx (e.g., by 

using direct PECVD to deposit the SiNx [251, 267]. 

 

Figure 3-40. EQE and 1- Reflection of the most efficient bifacial solar cell in Group A. The dark blue 

region indicates parasitic absorption and the red region indicates the optical loss due to front-surface 

reflection and metal shading. The loss analysis assumed an AM 1.5G illumination spectrum, the photon 

flux of which is shown superimposed on the EQE data. 

 

Figure 3-41. Percentage distribution of power losses at MPP under one-sun AM1.5G illumination. 
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Table 3-3. Summary of the loss mechanisms of the most efficient bifacial cell in Group A at MPP under 

one-sun AM1.5G illumination. 

Loss Mechanism 

Current density 

loss 

(mA/cm²) 

Power loss 

(mW/cm²) 

Screen print cell 

power loss 

(mW/cm
2
) 

Optical loss 
1
 (300-1200nm) 1.9 2.7 

Metal Shading 2.3 1.2 1.8 

Front surface reflection and escape 1.4 0.70 0.90 

Resistance losses 
2
 1.3 0.80 

Series Resistance 1.3 0.70 

Shunt Resistance 0 0.10 

Recombination losses 3.4 3.8 

Non-perfect IQE 
3
(300-1200nm) 2.0 1.1 2.7 

Forward-bias current at MPP 
4 n.a. 2.3 1.1 

Total losses 6.6 7.3 

1
 The optical loss is extracted from the reflectance measurement by PerkinElmer. The metal 

shading is calculated by:                 
                 

      
                   

2
 The series resistance is estimated from J-V curves measured at different light intensities, the 

power losses due to resistance are calculated by:               
   and         

      
 

      
 

                         

3
 The non-perfect IQE loss includes the other optical losses inside the solar cell (parasitic 

absorption in the SiNx and metal). 

4
 The power loss in the diode due to forward-bias current is calculated by:              

       

3.5.3.2    Group B 

Initial experiments were performed to determine whether laser doping through the AlOx/SiNx 

dielectric stack without using additional B source could dope the contact region sufficiently 

to avoid the formation of Schottky contacts. Figure 3-42 shows the Suns-Voc curve for a 

representative Group B cell (compared to that measured for a Group A cell and a cell that 

was laser-doped without either AlOx or B source). The laser speed used for the Group B cell 

and the positive control which used neither AlOx or B source was 2 m s
-1

. This result 
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indicated that sufficient p-type doping was possible if the AlOx was used as the dopant source 

in the absence of applied B source, confirming the findings reported in by [226, 227]. 

 

Figure 3-42. Comparison of Suns-Voc measurements for cells laser-doped through AlOx/SiNx without B 

source (black; Group B), without either AlOx or B source (red) and laser-doped through AlOx/SiNx with a 

B source (blue; Group A). 
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Table 3-4 lists the J-V measurements for the Group B cells. Although a Voc > 630 mV was 

achieved by including the belt furnace anneal, the FF was limited to 0.75. Sintering did not 

significantly improve the FF and, when the sintering duration was increased to 5 min, both 

the Voc and pFF were reduced.  

Figure 3-43 graphs the local ideality factor curves for Group B cells with different thermal 

treatments and a comparative Group A cell. The belt furnace annealing step after laser doping 

acts to reduce non-ideal recombination at low injection, however sintering appears to 

introduce new sources of recombination presumably due to excessive Ni penetration into the 

cell. However, all treatments (belt furnace annealing and sintering) appear to result in a 

similar ideality factor of 1.7-1.9 at 0.5 V (i.e., near MPP), thereby limiting the pFF of cells. 

Table 3-4. Light J-V measurements of cells with  laser-doping AlOx bifacial solar cells (Group B) with 

different thermal treatments 

Thermal treatments after belt 

furnace anneal 

Voc 

(mV) 

Jsc 

(mA/cm
2
) 

FF 

(%) 

Efficiency 

(%) 

pFF 

(%) 

No Sintering 638 39.3 0.74 18.4 78.1 

2 minutes FIP Ni Sintering 637 39.1 0.75 18.7 79.4 

5 minutes FIP Ni Sintering 631 39.1 0.73 17.9 78.1 
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Figure 3-43 Injection dependent local ideality factor for a representative Group A cell and Group B cells 

with different thermal treatments.  

Figure 3-44 compares more closely the injection-dependent local ideality factor of different 

cell structures and processing sequences. The increase in FF from 0.68 to 0.75 (for Group A 

and B cells) can be attributed to a reduction of the local ideality factor from 2.25 (2012) to 

1.75 (Group A and B) at MPP (0.5 V). Shown for comparison in Figure 3-44 is the injection-

dependent local ideality factor of an n-type bifacial cell with a B-diffused emitter (passivated 

with AlOx/SiNx) and phosphorous-doped BSF (passivated with SiNx), where the p-type laser 

doping was achieved by laser scribing without B source through the  AlOx/SiNx [268]. The n-

type cell was bifacially-plated using the same process as was used for the p-type cells. The 

local ideality factor of the n-type cell was significantly reduced from that of the p-type cells 

at the MPP (1.25), enabling that cell to achieved a pFF of 81.66. The reduced non-ideal 

recombination was attributed to reduced laser damage when the laser-doping is performed 

through uniformly doped (diffused) surfaces.   

Clearly the laser-doping process contributes a source of non-ideal recombination with the 

extent of damage being less if laser-doping is being performed through a diffused layer. 

However, it is more complex and costly to fabricated cells with both a diffused emitter and 
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BSF. Consequently, it would be useful to understand how to mitigate the laser damage. In 

Chapter 4, injection dependent QSSPL and QSSPC studies are reported which aimed to 

investigate how different processing steps introduce non-ideal recombination in bifacially 

laser-doped cells. It is shown that the changes in local ideality factor can arise both from 

laser-induced defects and from bulk Si effects where the thermal and illumination effects 

from the processing places defects/impurities in the Si into different recombination states. 

 

Figure 3-44 Injection dependent local ideality factors for representative 2012, Group A, Group B cells 

and a bifacially laser-doped n-type cell. The n-type cell data are from [268]. 

3.5.3.3   Group B Laser Doping Improvements 

In an attempt to reduce the laser damage when laser-doping using AlOx without added B 

source, use of a faster laser speed was attempted as Hallam et al. have reported that less 

defects form with faster laser speeds [226]. P-type laser-doping at a speed of 7 m s
-1

 can 

result in very smooth laser-doped surfaces (see Figure 3-24). However, the adhesion of the 

plated fingers was extremely poor (see Figure 3-45), and the plated Ni layer peeled off during 

the 2 min Ni plating process. This limited further improvement of the cell efficiency. It also 

served to highlight a further limitation of the bifacial laser-doping and plating process. 

Although the finger adhesion was exceptionally poor when fast laser scribing through the 

AlOx/SiNx was trialled, adhesion was also not strong for the other cells. Although fingers 
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typically remained adherent to the cell surface for the other cells that were fabricated thereby 

permitting cell characterisation, the resulting cell busbars were not solderable. This means 

that alternative methods of interconnection would be required. Consequently, a more detailed 

study of contact adhesion was performed and the results of this study are reported in Chapter 

5.  

 

Figure 3-45 Scanning electron microscope image showing the poor adherence of the plated Ni to laser-

doped grooves through a AlOx/100 nm SiNx dielectric stack where a laser speed of 7 m s
-1

 was used.  

3.6 Conclusions 

This chapter reports on the refinement of FIP, a method that enables metal to be plated on p-

type Si regions of a p-n junction solar cell by forward biasing the junction. Like bias-assisted 

LIP, the cell surface to be plated is immersed in plating electrolyte and a bias current is 

applied through an electrode in contact with the dry surface of the wafer. It is demonstrated 

that similar plating rates can be achieved with FIP as can be achieved using bias-assisted LIP 

suggesting the potential feasibility of large scale production. Through the use of FIP and bias-

assisted LIP, p-type laser-doped bifacial Si solar cells were fabricated with an energy 

conversion efficiency of 19.2%. This achievement required the solution of three key 

problems.  

First, the need to use a low laser speed for p-type laser doping (with a B spin-on source) to 

form sufficiently heavily-doped p+ regions for ohmic contact resulted in the formation of a  

BRL or residual BSG in the laser-doped grooves. This residue was difficult to remove with 
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short HF immersion durations. Use of longer HF immersion times was undesirable as the 

SiNx layers were etched increasing the likelihood of over-plating. To address this issue, it was 

found that longer Ni plating durations followed by sintering were required to achieve full 

coverage and form ohmic contacts.  

The second problem, which was incurred with experiments pre-dating this thesis project, was 

the inversion layer shunting. This arose due to the positive stored charge in the SiNx dielectric 

attracting minority carrier electrons to the surface which could leak through shunting paths 

present as a result of non-uniform doping at the laser-doped grooves. By use of an interfacial 

AlOx layer under the SiNx, the FF was increased from 0.68 to 0.75, this increase being 

largely achieved through a decreased local ideality factor at MPP.  

The use of the low laser speed for B laser doping required for ohmic contact resulted in 

significant laser damage. To address this problem, laser-doping using AlOx as the dopant 

source was trialled. It was demonstrated that ohmic contacts could be achieved using this 

process, however although the visible laser damage was reduced, the pFF was not 

significantly increased suggesting that laser damage was still occurring. Although reduced 

laser damage was possible by increasing the laser speed, the resulting plated grids was 

insufficiently adherent to complete and characterise cells. 

However, the experiments reported in this chapter highlighted two key problems for this new 

bifacial laser doping and plating process. First, the high local ideality factor at MPP limits the 

FF of cells. Even though visible laser damage was reduced through the use of AlOx as the 

dopant source, the FF remained limited by non-ideal recombination occurring in the cell. 

Although some of this recombination was clearly introduced by the laser doping, it was not 

clear whether some of introduced recombination may have been arising from changes in the 

recombination states of defects in the bulk of the wafer. As surface recombination is 

minimised then the effects of recombination in the bulk can become more evident in the 

injection-dependent effective minority carrier lifetime [269]. This possibility is investigated 

further in Chapter 4, where it is shown that some cell processing steps (e.g., belt furnace 

annealing and illumination during LIP) can change the recombination state of B-O 

complexes.  

A second problem that needs to be addressed is improved contact adhesion. Although laser 

damage can be reduced by increasing the laser-doping speed (through AlOx/SiNx) to achieve 
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shallower melting of the Si, the resulting laser-processed grooves are very smooth and the 

plated metal adheres very weakly to the surface. Surface roughness is known to play an 

important role in plated metal adhesion [256, 270]. Consequently, Chapter 5 of this thesis 

reports on a study which aims to understand better what is required for strong plated metal 

adhesion. In that chapter a new method for testing the adhesion of fingers is reported, and 

correlations between finger and busbar adhesion are examined in order to increase the 

understanding of the role of the Si surface and the plating process and chemistry on plated 

metal adhesion to Si solar cells.   
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CHAPTER 4                                                                      

USE OF QSSPL AND QSSPC TO MONITOR PROCESS-

INDUCED DEGRADATION 

4.1 Introduction 

4.1.1 Motivation 

The injection level dependence of bulk Shockley-Read-Hall (SRH) recombination centres can 

lead to a reduced FF for cells, providing the recombination losses associated with the emitter 

and surfaces are sufficiently small to allow the bulk lifetime to dominate [269]. Due to the 

increased adoption of emitters with low recombination current densities and improved 

surface passivation, FFs observed for rear locally-passivated B-doped Cz cells may now be 

impacted by SRH recombination centres in the bulk of the wafer with asymmetric capture 

cross-sections, such as B-O complexes [271-274], and the state in which various processing 

steps leaves them. In this chapter, the injection-dependent local ideality factor, m, estimated 

from QSSPC and QSSPL measurements using the analysis presented in [275, 276], is used to 

investigate the effects of various processes on the recombination state of B-doped Cz wafers 

with a ~ 100 Ω/ P-doped emitter and bifacially passivated with SiNx deposited by PECVD. 

Of particular interest are changes due to light-soaking and regeneration [65], laser doping, 

and high-temperature (belt furnace) annealing. Boron-oxygen complexes are reported to have 

a strong asymmetry with respect to capture of electrons and holes  [271-273], so it is 

reasonable to assume that these complexes may result in elevated m values at injection levels 

between the mpp and Voc and hence may contribute to reduced FFs as much as suggested for 

interstitial Fe in [269]. Initial studies aimed to establish whether B-O defects could be 

activated in cells during cell processing (e.g., during LIP) and to determine their contribution 

to the values of m, and FF. Subsequent investigations applied a similar analysis to cells 

fabricated on the same wafers after P and B laser doping and high-temperature belt furnace 

annealing.   

It has been shown in [263], which reports results of early experiments from this study, that 

analysis of injection-dependent effective minority carrier lifetimes, eff, measured by a 

combination of QSSPL and QSSPC, can be used to identify different recombination states of 
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B-O complexes, provided that recombination at the wafer surfaces is minimised. The 

introduced recombination due to light soaking was modelled as a single SRH recombination 

centre corresponding to the deep-level B-O complex at Ec - Et = 0.41 eV [271, 272], with the 

analysis resulting in an estimate for the electron:hole capture cross-section ratio (n/p) of 

~14 for the introduced defect (compared to a value of 9.3 reported in [272]). However, in the 

study reported in [263], the wafers were not symmetrically-passivated, so it was difficult to 

definitively separate surface effects from bulk effects.  

In later experiments, injection-dependent measurements of eff, obtained using both QSSPL 

and QSSPC, were used to estimate the n/p ratio of the B-O complex following the steps of 

light soaking and regeneration [62, 65] in symmetrically-diffused p-type Cz wafers. These 

studies considered differences that may occur with different passivation dielectrics, especially 

SiNx layers deposited by PECVD and thermally-grown SiO2 layers. Nampalli et al. [70] have 

shown that a hydrogen source and illuminated thermal annealing are both required for stable 

regeneration of the deep-level B-O defect. Consequently, it was hypothesised that a SRH 

recombination analysis of injection-dependent eff  may be able to provide further evidence for 

the requirements of a hydrogen-containing dielectric to achieve stable regeneration. In initial 

experiments, where wafers passivated with thermal oxide underwent a rapid thermal anneal 

(RTA), the oxide surface passivation was degraded, making it difficult to discern changes 

occurring in the bulk due to light soaking and regeneration. Consequently, in later 

experiments a rapid thermal anneal (RTA) was performed before the thermal oxidation step. 

This resulted in low surface recombination velocities, thereby enabling changes in bulk 

recombination to be observed in the injection-dependent eff. As reported in [263], the SRH 

defect was modelled using both the pre-light-soaked state and the regenerated state as the 

initial state, with the latter analysis providing insights as to whether the regeneration process 

changed the recombination properties  of defects other than the B-O defect.  

Although this work was motivated by the observation of lower than expected FFs in plated 

bifacial laser-doped cells on B-doped Cz wafers (see Chapter 3), it may be relevant to all 

cells where surface recombination losses are minimised to an extent that the effects of bulk 

recombination may begin to impact the FF of completed devices.  
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4.1.2 Objective 

The primary objective of this work was therefore to develop a method by which the nature of 

recombination occurring within cells could be monitored during the fabrication process. 

Although each of QSSPL and QSSPC have been proposed for this function previously (e.g., 

see [271, 272, 275, 277]), in this study, data from both PL and PC measurements was used 

with a view to being able to possibly extend the analysis to metallised samples which would 

allow recombination changes in the bulk of the wafer to be monitored during a wider range of 

processing steps. Earlier studies have demonstrated that the recombination properties (e.g., 

n/p) of dominant SRH defects can be estimated from injection dependent eff measurements 

by assuming that a processing step introduces a single SRH defect of a known energy level 

[271, 272].  

Secondary objectives of the study were to: (i) compare the accuracy of the n/p values 

estimated using both QSSPL and QSSPC; and (ii) investigate the role of different dielectrics 

in the recombination properties of B-O complexes during the processes of light soaking and 

regeneration. The use of QSSPL in addition to QSSPC can enable measurements over the 

injection level range of ~ 2 × 10
11

 to ~10
17

 cm
-3

 which is larger than would be possible with 

the use of QSSPC alone.  

4.2 Theory 

4.2.1 QSS PL and PC Measurements  

QSSPC and QSSPL are two commonly-used carrier lifetime measurement techniques used in 

the study of Si PV. This section will cover the basic theory for both measurement techniques. 

The Sinton lifetime tester from Sinton Instruments is currently used by almost every Si solar 

cell research institute and manufacturing company (see Figure 4-1). 
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Figure 4-1. The WCT-120 lifetime tester from Sinton Instruments [278] 

Carrier lifetime measurement in semiconductors is well understood and can be achieved 

using various methods  (e.g., microwave reflectance, capacitive coupling and the use of coils 

that inductive couple to a semiconductor wafer’s conductivity) [279]. The Sinton lifetime 

tester, which was used for the QSSPC measurements performed in this thesis, determines the 

lifetime from inductively-measured photoconductance [223, 224]. It uses a flash lamp as the 

illumination source and monitors the lamp’s intensity with a photodiode. The change in 

conductivity is measured using an induction coil to yield an estimate of the injection level (or 

excess carrier concentration), ∆n, which is related to eff  by:  

     
    

     
     

  

                                                                                     

where G(t) is the generation rate and t is time. Eq. 4-1 represents the generalised form which 

can be simplified for the individual cases of transient, steady state and quasi-steady state 

measurements [222]. 

The simplest measurement involves exciting carriers with a single pulse of high intensity 

light, and then after the excitation is removed wafer conductivity is measured as a function of 

time. Although eff can be estimated directly from the PC decay with no required knowledge 

of G in this so-called transient measurement, it requires that electrical carriers survive long 
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enough for sufficient measurement data to be collected. This is not always the case for 

samples where eff is small (e.g., multi-crystalline materials or samples where the surfaces are 

not well passivated). 

Fast decay of PC can be addressed by continued illumination. Under steady state conditions, 

G is constant during the measurement and all carriers that are generated must therefore 

recombine (i.e., G = R). In this mode,    is approximately uniform across the wafer, 

therefore resulting in the condition: [224]: 

     
  

          
                                                                                           

where:  

                                                                                                      

However, with steady state measurements it is difficult to achieve a sufficiently large range 

of illumination intensities without significantly increasing the sample temperature [280]. For 

this reason, the QSS approximation was introduced. With QSS measurements, the light pulse 

intensity is gradually reduced during the conductance measurement (i.e., G decays as a 

function of time), the assumption being that the sample approaches ‘steady state’ conditions 

as G is reduced from a maximum value to zero. With this method, the PC can be measured at 

different light intensities.  

Quasi-steady state measurements can be performed with less complex equipment as there is 

no need for rapid switching of electronics (e.g., switching off the light before recording 

conductance) or temperature control (e.g., for sample cooling). The range of the eff 

measurement is only limited by the signal strength of the sample, which extends the use of 

the QSS method to lower quality materials. The iVoc can be calculated for p-type wafers from 

n using: 
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where k is Boltzmann’s constant, T is the absolute temperature, NA represents the acceptor 

dopant density of the wafers used, and ni is the intrinsic carrier concentration of Si (9.65 × 

10
9
 cm

-3
 at 25 °C) [221]. 

Quasi-steady-state PL is a sensitive technique for measuring the injection level dependent 

effective lifetime for Si solar cells [281] , and has been used to measure lifetimes at low 

injection (    10
9
 cm

-3 
[282]). At these injection levels, PC measurements are impacted by 

carrier trapping [283], depletion region modulation (DRM) [284, 285] and barriers to eddy 

currents [263, 286, 287]. Therefore, through the use of QSSPL, more accurate measurement 

at low injection levels can be achieved. The QSSPL system used for measurements in this 

chapter consisted of a modified Sinton stage, whereby a Si photodiode had been placed inside 

the coil area. This modification permitted the simultaneous measurement of PC and PL from 

the same area of the wafer. A 1.5 W 625 nm LED array was used for illumination, as the light 

pulse could be controlled temporally, enabling better signal-to-noise measurements to be 

acquired.  

The PL intensity is related to the average excess carrier density through the Van Roosbroeck 

form [275, 288]:  

                                                                                                                  

                                                                                               

In Eq. 4-6, Ai is a scaling factor that accounts for re-absorption within the sample, B is the 

radiative recombination coefficient, and ND is the doping concentration of the bulk Si. The 

value of n can then be calculated from the PL intensity using:  

    
  

 
   

  

 
 
 

 
       

      
                                                              

where Ai is determined by minimisation of the determined lifetime between PL and PC in an 

injection range where the PC was not impacted by the previously mentioned artefacts.  
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4.2.2 Local Ideality Factor 

The illuminated I-V curve is typically used to evaluate the performance of a Si solar cell after 

metallization (i.e., completed devices). However, this measurement requires completed 

devices and it is difficult to discern diode properties due to the light-generated current being 

orders of magnitude greater than the recombination current. Therefore, dark I-V curves are 

frequently used to monitor/probe diode properties of solar cells. Dark I-V curves are recorded 

in the dark (i.e., no light-generated current) with a bias voltage being used to sweep between 

0 to 1.2 V to simulate the operating voltage range of the cell. Diode properties assessed 

through dark I-V measurements are therefore not affected by variations in the light intensity 

[281].  Furthermore, the voltage drop due to cell Rs is small due to the much smaller current 

magnitude. The measured I for a dark I-V measurement is given by:  

          
     

  
     

     

   
                                                

Since the slope of the dark I-V curve recorded for devices typically varies with V, the local 

ideality factor, m, can be defined as:  

  
 

  
 

  

      
                                                                                          

Since there is an exponential relationship between V and I, after converting I-V data to an m-

V curve, differences in the diode properties of cells become more evident. For example, local 

shunting arising from either mechanical scratches or recombination defects are emphasised 

by this transformation. Hameiri et al. demonstrated that m could also be determined from PC 

(carrier lifetime) measurements [276, 289].  

  
 

  
 
        

       
 

  

 
 

  
  

      

  
                                                        

where, 
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Figure 4-2 shows the measured effective lifetime curve and calculated local ideality factor 

curve of a p-type wafer. Hameiri et al. [276] demonstrated that a change in defect state can be 

observed as a shifting of the humps and bumps in the m-iVOC curve. Taking this as a starting 

point for this chapter, calculations of m from effective lifetime measurements for sequential 

process steps were used to provide an understanding of changes in the recombination 

properties of defects.  

 

Figure 4-2. (a) Measured effective carrier lifetime; and (b)calculated local ideality factor curve (from 

[276]). 

4.2.3 Light-induced Degradation and Regeneration 

Photovoltaic modules are expected to be stable for at least 25 years, however exposure to 

light can impact the performance of p-type Si solar cells [290-292]. Figure 4-3 shows how eff 

(graphed as a function of n) can be degraded with illumination for B-doped Cz wafers. Not 

only is the magnitude of eff significantly reduced for all values of n, but the slope of the 

curve is also changed at different n. This leads to changes in the m-V curve. This result 

highlights the possibility that the recombination properties of other shallow and deep level 

defects might also be changed during different cell processing steps (e.g., thermal treatments 

or perhaps even during LIP or the applied bias currents of FIP). If surface recombination is 

carefully minimised by the application of appropriate dielectric coatings, then changes in the 

bulk recombination at defects may influence the eff (n) and hence also the m-V curves 

which can be recorded through the use of QSSPC and QSSPL.  
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Figure 4-3. Measured eff as a function of excess carrier concentration before and after light degradation 

for B-doped Cz Si wafers showing different slopes which would result in a change in a generated m-V 

curve (from [271]). 

Boron-oxygen defects are an important impurity type for p-type Si solar cells, due to their 

ability to significantly reduce the performance of cells in the field. There are many theories 

proposing mechanisms for the formation of the recombination-active B-O complex (e.g., see 

Refs [61, 292-299]). Oxygen impurities, introduced during Cz ingot pulling, can become 

complexed with B dopant atoms during processing steps to form complexes which can 

become recombination active after different cell processing steps or in the field on exposure 

to light.  

Recent research shows that these B-O defects are the recombination centres mainly 

responsible for lifetime degradation on exposure to light. The dominant recombination-

causing B-O defect has been shown to have an energy level located close to the middle of the 

Si band gap, which is between EV +0.35 and EC -0.45 eV [61, 67, 69, 271, 299, 300]. 

In 2006, Herguth et al. reported that light-induced degradation due to B-O complexes could 

be regenerated by low temperature annealing under illumination (carrier injection) [62]. Since 

this initial report there have been numerous studies which attempt to explain this important 

ability to reverse a degradation effect that has a large impact on p-type Si modules. The 

possible implication of H, incorporated into the wafer from the firing of cells with H-rich 

dielectric layers, in this regeneration process was first proposed by Műnzer in 2009, and then 
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in 2010 Herguth et al. proposed a 3-state kinetic model to rationalise the role of the 

regeneration process in reducing recombination (see Figure 4-4). However, since this initial 

attempt to understand what occurs during the regeneration, two main theories have evolved.   

 

Figure 4-4. The 3-state model proposed by Herguth et al. to rationalise the formation and regeneration of 

recombination-active B-O complexes (from [64]). 

Schmidt and Macdonald et al. [271, 274, 293, 301, 302] show that the concentration of the 

metastable B-O complex in p-type Si depends proportionally on the substitutional B 

concentration and quadratically on the interstitial O content. It is believed that the defect 

formation is based on fast-diffusing O dimers, which are captured by substitutional B. Walter 

et al. showed that that RTA in a belt furnace results in a dramatic change of the 

recombination properties of boron-doped Cz Si [303, 304]. They showed that the 

recombination-active defect concentration was reduced by fast cooling and postulated that 

this reduction in B-O degradation was due to the sinking of free Bi atoms into B nano-

precipitates. These results demonstrated that the reduction in B-O degradation that can be 

achieved through the use of the regeneration process depends also on the prior thermal 

processing, and in particular the use of a RTA with a fast cooling rate. Walter et al. showed 

that regeneration of B-O defects could also be achieved in the absence of a H-rich dielectric 

layer. Figure 4-5 shows the recovery of lifetime of a p-type wafer passivated by unfired AlOx 

after light-induced degradation. 
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Figure 4-5. Bulk lifetime recovery from regeneration on a p-type Cz Si wafer with no SiNx or H source, 

where blue squares show the wafer with un-fired Al2O3 experiencing a lifetime increase as function of 

regeneration time (from [303, 304]). 

Another possible mechanism for the deactivation of B-O defects has been proposed by 

Wilking et al. and Hallam et al. [65, 67, 70, 299, 300, 305]. They propose that the light-

induced degradation is caused by the formation of recombination active B-O related defects 

that can be passivated by H, the source of H being provided by SiNx layers (deposited by 

PECVD) during firing. The provided H can eliminate recombination at B-O complexes in a 

subsequent ‘regeneration’ process which requires wafer heating and carrier injection [65]. 

This theory assumes that H in the SiNx diffuses into the bulk of Si during the high-

temperature annealing to regenerate the degraded cell, with larger amounts of H resulting in 

faster regeneration. Figure 4-6 shows that use of different SiNx recipes can result in different 

regeneration rates, presumably due to the release of different amounts of H into the wafer, 

and that firing of the deposited layers is necessary for B-O regeneration. 
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Figure 4-6. Comparison of defect concentration as the regeneration process is applied for wafers 

deposited using different SiNx recipes. Open symbols denote measurements from cells that were not fired 

after SiNx deposition (from [65]). 

4.3 Experimental 

This section reports on two key experimental studies. In the first study, the wafers were the 

same as the precursors used for bifacial p-type Si solar cells fabricated as described in 

Chapter 3. These wafers were passivated with SiO2/SiNx on the n-type surface and AlOx/SiNx 

on the p-type surface, and the aim of the experiments was to investigate the changes that 

occurred in the Si wafer during each of the processing steps and to investigate the impact of 

each process on the final cell performance. The iVOC of the wafers was 680-700 mV after 

application of dielectric layers implying that recombination had been successfully minimised 

at both the n-type and p-type Si surfaces. This, therefore, made it possible to observe changes 

in recombination properties in the bulk of the Si wafer with cell processing steps. However, 

due to artefacts arising from the use of laser-cleaved edges and the non-symmetrical surface 

properties of the small cell, significant errors were incurred in the fitting of the injection 

dependent lifetime curves to the SRH models.  

Consequently, in the second study, 125 mm symmetrically-diffused wafers were used (i.e., no 

laser-cleaved wafer edges). This reduced the contributions of edge recombination and errors 
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due to the asymmetric surface passivation on the SRH analysis. The use of symmetrical 

passivation enabled the effect of different dielectric layers (i.e., SiNx, SiO2) on the nature of 

recombination in the wafers following belt furnace annealing, light-induced degradation and 

regeneration to be investigated.   

4.3.1 Substrate Preparation for the First Study 

125 mm 1-3  cm B-doped alkaline-textured Cz wafers were P-diffused to form emitters 

with a sheet resistance of ~ 100 /. After removal of the PSG, the rear surface was single-

side etched to the remove the P-doped Si. The emitter and rear surfaces were then passivated 

with 10 nm thermal oxide + 70 nm SiNx and 10 nm AlOx (PECVD) + 70 nm SiNx, 

respectively. Then, a set of wafers was cleaved into 9 equal-sized wafer fragments and B 

laser doping was performed along the perimeter of each of the fragments to ensure uniform 

emitter isolation across wafer fragments [306]. The injection-dependent eff of each of the 

wafer fragments was monitored using QSSPL and QSSPC after the following processing 

steps shown in Figure 4-7. 

 

Figure 4-7. Flow diagram showing the processing steps (before light soaking) in the first study. 

Phosphorus and B laser doping were performed using a 532 nm CW laser, with 85% 

phosphoric acid and a PBF1 B spin-on source (from Filmtronics) being used to form the n+ 

and p+ grids, respectively (see Section 3.3.2 for details). A representative wafer was selected 

to examine the impact of a belt furnace anneal, light soaking and the B-O regeneration 

process described in [65] on the m (iVoc) curve. After each of these processes, the wafer was 

analysed as described in Section 4.4.1, resulting in an m (iVoc) curve. The wafer was first 

annealed in an industrial belt furnace at a set peak temperature of 700 C and a speed of 4600 

mm/s, where it experienced the peak temperature for a period of 2-3 s. Light soaking was 

performed at 0.7 to 0.9 suns for 8 hours (natural outdoor sunlight) and the regeneration 

process was performed at 0.7-0.9 suns (natural outdoor sunlight) at 130 °C on a hot plate for 

3 hours. 

Emitter edge 
isolation  

(initial state)  

P  laser 
doping  

Anneal 700 °C  
B laser 
doping  

Anneal 700 °C  
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4.3.2 Substrate Preparation for the Second Study 

The second study used alkaline-textured 156 mm 1-3  cm B-doped 125 mm Cz wafers, 

where the wafers were P-diffused to form symmetrical emitters having a sheet resistance of ~ 

120 /. A RTA at 700 ºC (as described for the first study in Section 4.3.1) was performed 

after diffusion (with the PSG in place) in a belt furnace to ensure that all the wafers were in 

an identical annealed state before the high-temperature oxidation, as the thermal history of 

the wafers was not known. After PSG removal, a 200 nm thermal oxide was grown on all 

wafers at a temperature of 950 ºC for 30 min, then wafers were divided into three groups. The 

oxide was removed from the surfaces of the Group A and B wafers and a 75 nm thick SiNx 

layer having a refractive index of 2.09 was deposited on both wafer surfaces in a remote 

PECVD chamber (Roth & Rau MAiA) at 400 ºC. The Group A wafers then received a further 

RTA at 700 °C for a period of 2-3 s. All wafers were light-soaked for 2 days at 0.7 to 0.9 

suns and then the regeneration process [65] was performed at 0.7 – 0.9 suns (using a halogen 

lamp) at 200 C for 30 min. Finally, the light soaking step was repeated to establish the 

stability of the regeneration process. This process is summarised in Figure 4-8.  

The reason for including Groups A and B was to identify the (recombination) impact of the 

RTA anneal at 700 ⁰C on the wafer after SiNx deposition, and also to understand how this 

anneal impacts the following light-induced degradation and regeneration process. Group C 

was a reference group which was only passivated by thermal oxide (i.e., no source of 

hydrogen). These samples served to determine the importance of a H-containing dielectric on 

the subsequent light soaking and regeneration processes. 
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Figure 4-8. Flow diagram showing the processing steps (before light soaking) in the second study.  

4.3.3 Light Soaking and Regeneration Arrangements 

The light soaking was performed by placing the wafers between tempered glass used for 

module fabrication and a piece of white paper, as shown in Figure 4-9. This arrangement was 

used because it simulated the cell in a module in the field. The glass stack was then placed on 

the roof top for light soaking from 8 am to 5 pm. Light soaking was repeated for subsequent 

days until there was no further degradation (typically 2 days). 

p-type Cz double-side diffused wafers 

RTA at 700 ºC 

PSG removal 

200 nm thermal oxide at 950 ºC 

Strip oxide & SiNx deposition 

Group A 

RTA at 700 ºC 

Light Soak 

Regeneration 

2nd Light Soak 
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Light Soak  

Regeneration 

2nd Light Soak 
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Light Soak  

Regeneration 
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Figure 4-9. Light soaking arrangement showing cells (from the first study) sealed between a sheet of 

paper and a piece of tempered glass.  

In the first study, the regeneration step was performed using a hot plate placed in direct 

sunlight. However, due to weather constraints, an artificial light with 6 halogen lamps was 

used in the second study to regenerate wafers/cells (see Figure 4-10). The light intensity of 

the lamps was calibrated to 0.7-0.9 suns, using a Si solar intensity meter. 

 

Figure 4-10. Regeneration arrangement with artificial halogen lights (used for the second study), showing 

the wafer placed on a hot plate with a controlled temperature of 200 °C.  
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4.3.4 QSS PL and PC Measurements 

Quasi-steady-state PL and PC measurements were performed using a modified Sinton bridge 

WCT-120 (from Sinton Instruments) and a flash lamp, and then analysed using the 

generalised method [222, 307]. The system was modified to include a Si photodiode within 

the coil area to allow simultaneous measurement of PL and PC from the same area of the 

sample. The PL photodiode was connected to a trans-impedance amplifier before being read 

by a data acquisition card.  The system also incorporated an LED with a computer controlled 

intensity, to allow controlled measurements at low illumination intensities. The experimental 

setup arrangement is shown in Figure 4-11.  

 

Figure 4-11. Measurement setup of QSSPL and PC for the experiment, where the flash was controlled by 

a desktop computer. After an LED flash, both the PL and PC data were amplified and recorded by a data 

logger, then stored and analysed by the computer.  

In the first study, the QSSPL and QSSPC data were spliced together using the method 

described in [308, 309] resulting in τeff values over the injection range of  1 × 10
9
 to 4 × 10

16
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cm
-3

. In other words, the QSSPL and QSSPC data were combined, with QSSPL providing the 

low injection data (1 × 10
9
 to ~ 10

14
 cm

-3
) and QSSPC providing the high injection data (1 × 

10
14

 to ~ 10
16

 cm
-3

). In the second study, the injection range over which the QSSPL 

measurements were recorded was extended so that QSSPL data could generate τeff values 

over the entire injection range of 1 × 10
9
 to 10

17
 cm

-3
. For the QSSPL measurements, three 

different light sources were used to cover different illumination (injection) ranges (refer to 

Figure 4-12). Table 4-1 shows the details of the light sources.  

 

Figure 4-12. LED and flashlights used in this experiment (see Table 4-1 for details). 

Table 4-1. Wavelength and light intensity of each light for QSSPL measurement 

 LED (a) LED (b) Flash light (c) 

Wavelength 810 625 flash lamp behind a short pass filter 

Light intensity 0.1 Sun 1 Sun 100 Suns 

4.3.5 Data Analysis and SRH Modelling 

The iVoc was calculated from the PC measurements at 1-sun using Eq. 4-4 which can be 

represented more generally as: 
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where p = NA (B dopant concentration) and the minority carrier concentration of the p-type 

wafers, n = n (obtained from the PC measurement). The value of ni used was 9.65 × 10
9
 cm

-

3
 from Altermatt et al. at 25 °C [221]). The emitter recombination current density J0e was 

calculated from the high injection data using: 

 

    
 

 

      
 

 

    
    

   

    
                                                                

The injection level dependent m curves were generated as described in [276]. This analysis 

assumes that, at a steady state, G = U. Therefore m can be calculated using [276]: 

  
 

  
 
        

       
  

 

  
 

     

  
                                                            

The value of m can be calculated from Δn using: 

      
 
                                                                      

    

   
 

 

 

  

   
                                                                                                   

    
 

 
     

 

 
                                                                            

 

 

  

   
 

 

 

 

  
 

 

 

 

    
                                                                          

Therefore, 

  

   
 

 

 
 

 

  
 

 

    
                                                                             

  
   

  
  

 

  
 

 

    
                                                                           

where U = G at steady state. 

The recombination state of a cell is influenced by the contributions of many individual SRH 

recombination centres. Therefore, it is difficult to extract the effect that processing may have 
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on a single SRH recombination centre, as the trap energies, Et, and capture cross-sections of 

all contributing recombination sources are generally not known. However, if it is assumed 

that a process (e.g., “light soaking”) activates a single dominant recombination centre in the 

wafer whilst leaving all other centres largely unchanged, then τeff (Δn) can be analysed using a 

difference method, whereby τeff (Δn) can be represented by the initial recombination state of 

the wafer [i.e., experimentally measured values of the initial state, τeff,init(Δn) and a single 

additional SRH centre, as represented in Eq. 4-21:  

 

        
 

 

             
 

     

                        
                        

where n1 and p1 are the electron and hole density, respectively, when the Fermi level 

coincides with the energy of the recombination centre, Et. If properties of the SRH 

recombination centre are known, then these can be used to fit Eq. 4-21 to the experimental 

data and estimate values for τn0 and τpo which represent the capture time constants or lifetimes 

of electrons and holes for the SRH recombination centre. The value of Et, for the 

recombination-active B-O complex, has been reported to be 0.41 eV below the conduction 

band [272]. 

This SRH analysis, which is based on the assumption that a single defect is introduced by a 

process and therefore able to be modelled using the difference between two τeff (Δn) curves, 

has been previously reported, and in fact, was used by Rein et al. in their temperature-  and  

injection-dependent lifetime QSS analysis of recombination arising from the B-O complex 

which determined the value of Et used for this work [272]. Figure 4-13 illustrates how the 

light-soaked state was modelled using either the pre-light-soaked state or the regenerated 

state as the initial state.  

 

Figure 4-13. Schematic showing how the light-soaked injection-dependent τeff was modelled from a pre-

light soaked state (Method I) and regenerated state (Method II). In all cases, Et was assumed to be 0.41 eV 

below Ec. 
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4.4 Results and Discussion 

4.4.1 First Study: Small Cell Analysis  

The eff (n) and m (iVOC) curves for a representative cell recorded after different processing 

steps are shown in Figure 4-14 (a) and Figure 4-14 (b), respectively. Table 4-2 lists the values 

of iVoc and m at 1-sun intensity and the values of J0s estimated, as described in Section 4.3.4. 

The pFF was calculated based on the generation rate of electron-hole pairs, assuming a short 

circuit current density of 39 mA/cm
2
; which is typical for the bifacial solar cells fabricated 

using these wafers (see Chapter 3).  

The 700 C anneal resulted in an increased τeff at all injection levels and a ~10 mV increase in 

the iVoc. This increase is due to a decrease in J0s by a factor of three, and most likely also an 

increased τbulk. However, the 1-sun m value increased from 1.1 to 1.3 after the 700 C anneal. 

The reduction in J0s is consistent with the theory that H, released from the SiNx during 

annealing, reduces the density of interface states at the surface and therefore reduces the rate 

of surface recombination [310, 311]. Unfortunately, in this study, it was not possible to 

differentiate between recombination changes at the n-type and p-type surfaces due to the 

different dielectric layers that were employed to passivate the cell surfaces. The fact that m 

increased in the mpp-iVoc range suggests that the recombination state of the Si wafer was 

significantly altered (from its initial state) by the annealing process. 

Changes in the electron and hole capture cross-sections of a SRH recombination centre can 

result in a transition in the m (iVoc) curve where the recombination changes from being 

limited by the capture of electrons to being limited by the capture of holes [281, 312-316]. 

However, this phenomenon has been primarily studied with respect to surfaces. For example, 

Aberle et al. [313] reported high ideality factors (and low FFs) due to changes in electron and 

hole capture cross-sections at the Si–SiO2 interface. The m (iVoc) curve that resulted after 700 

C annealing in this study could be explained by the introduction of a new SRH 

recombination centre or the change of an existing complex or state such that its columbic 

attraction of electrons/holes was significantly altered. Furthermore, it was not possible to 

distinguish whether this change occurred at the surface or in the bulk of the wafer. 

After light soaking in the outdoor environment, τeff was reduced over the entire measured 

injection range and the iVoc was reduced by 13 mV. Only a small increase in J0s was 
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observed, which supports the conclusion that the reduced τeff was due to the formation of 

recombination active B-O complexes in the wafer (i.e., light-induced degradation (LID) [271, 

317, 318]. The 1-sun m value was increased further to 1.5, which resulted in a significant 

reduction in the pFF. The regeneration anneal only partially recovered the τeff for Δn > 10
12

 

cm
-3

. It is possible that the B-O complexes were not fully regenerated during the 3 hours and 

a longer regeneration time may have resulted in a greater recovery. However, when Δn was > 

10
13

 cm
-3

 is considered, the regeneration anneal appears to return the wafer to the same 

“recombination state” as the 700 C anneal, with the red and blue curves in Figure 4-14(b) 

being almost coincident and values of m at 1-sun being the same. The pFF was also 

recovered from 81.0% to 82.3% after the regeneration anneal, which is close the value of 

82.5% estimated before the light soak. After the regeneration process, the Jos increased from 

that measured after the 700 C anneal. However, this is consistent with some reactivation of 

defect states at the Si interface, which may be caused by release of H from passivating states. 

Corona-charging capacitance voltage measurements of the density of interface states, Dit, 

[319, 320] could be used to verify this hypothesis. 

 

Figure 4-14. (a) Injection-dependent τeff; and (b) m (iVOC) curves for a representative small cell after 

different annealing processes (first study). 
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Table 4-2. Summary of calculated cell parameters after each of the different annealing processes for the 

representative small cell from Figure 4-14. 

Process 

Jos 

(fA/cm
2
) 

1-sun iVoc 

(mV) 

1-sun 

m 

pFF 

(%) 

Before anneal 77 675 1.1 82.2 

700 °C Anneal 28 685 1.3 82.5 

Light Soak 33 672 1.5 81.0 

Regeneration 39 678 1.3 82.3 

The results from Figure 4-14 suggest that the regeneration anneal leaves the wafer in an 

almost identical recombination state as the 700 ºC anneal process at higher injection levels. 

Consequently, τn0 and τpo were estimated for the simulated B-O defect using the 700 C 

anneal state and then the regenerated state as the initial state, τeff,init (Δn). Figure 4-15 shows 

the initial, light-soaked and ‘fitted’ m (iVOC) data when using the annealed state as the initial 

state [Figure 4-15 (a)] and the regenerated state as the initial state [Figure 4-15 (b)]. Figure 

4-16 shows the same fits performed using the τeff, (Δn) data. Table 4-3 lists the estimated 

values of τn0 and τpo from the SRH modelling. Both fitting processes resulted in similar 

estimates for τn0 and τpo, which provided further evidence that the 700 C anneal placed the 

wafer in a very similar recombination state as the regeneration anneal. The value of σn/σp was 

calculated to be 14.7 (when using the 700 C annealed state as the initial state) and 14.0 

(when using the regenerated state as the initial state) from τn0 and τpo using: 

  

  
 

   

   
                                                                                                

These values are higher than the values of 9.3 reported by Rein and Glunz [272] and 12 

reported by Walter et al. [321] for the B-O defect. Expecting exact agreement to a ratio 

measured using temperature injection-dependent lifetime spectroscopy (used by Rein and 
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Glunz) is perhaps unreasonable, given that we cannot be sure that only a single SRH centre is 

activated by the light-soaking process. The estimate reported by Walter et al. was calculated 

at a single injection level (n/p0 = 0.1) and assuming that eff was calculated from the intrinsic 

lifetime  with the addition of a single mid-gap B-O defect [321]. Simulations for a mid-

bandgap defect (e.g., see [314]) predict that the transition peak in the m (iVoc) curve can occur 

in the mpp-iVoc range for σn/σp ratios of ~10. Although larger σn/σp ratios result in higher 

peaks in the m (iVoc) data, the peak is shifted to lower injection levels where it does not 

significantly impact device performance. 

As shown by Macdonald for recombination associated with Fe impurities [269], an increased 

concentration of B-O defects would be expected to result in a larger injection dependence of 

the SRH recombination, resulting in an even greater impact on pFF, up until the point where 

the cell’s Voc begins to be impacted. The analysis reported here may therefore be a useful way 

to investigate the properties of B-O complexes in cells. The ability to also extract pFFs from 

the QSSPL/PC data enables the effect of the recombination to be directly related to potential 

FF loss, with the m (iVoc) curves providing a graphical link between physical recombination 

properties and the electrical diode model of a solar cell.  

It is interesting to note that 700 ⁰C annealing processes, which have been reported to achieve 

high implied Voc values [299], may be placing B-O complexes in a state similar to the 

“regenerated” state and therefore providing further evidence for the role of H in the 

permanent deactivation of B-O defects [65]. Although the 1-sun m value associated with this 

state is less than that of the “light-soaked” state, it is still ~ 1.3, and therefore may indicate a 

difficulty in achieving both a high Voc and high FF using the belt furnace annealing processes 

used in this work.  



119 
 

 

Figure 4-15. Injection-dependent m curves for an initial state, light-soaked state and the best fit of Eq.4-

21 to the light soaked data, with the assumption of (a) an initial state after the wafer was annealed at 700 

C, and (b) an initial state after the wafer was regenerated. Ec -Et = 0.41 eV was used for both fits [272]. 

 

Figure 4-16. Injection-dependent τeff curves for an initial state, light-soaked state and the best fit of Eq. 4-

21 to the light soaked data, with the assumption of (a) an initial state after wafer was annealed at 700 ºC, 

and (b) an initial state after the wafer was regenerated. Ec -Et = 0.41 eV was used for both fits [272]. 

Table 4-3. Values of τn0 and τpo obtained by fitting Eq. 4-21 to the experimental light-soaked data. All fits 

assumed Ec -Et = 0.41 eV 

Initial Process n0 (µs) p0 (µs) n/p 

700 C Anneal 150 2200 14.7 

Regeneration 150 2100 14.0 



120 
 

To understand further how each step affected the value of m, a batch of cells was processed 

and monitored by QSSPL and PC after each step. Figure 4-17(b) graphs m, calculated from 

the QSSPL and QSSPC data recorded for a wafer fragment after laser doping and annealing 

processes, as a function of iVoc. All of the wafer fragments were edge isolated (by B laser 

doping around the perimeter of the fragment) after cleaving from an initial 125 mm wafer to 

ensure that all fragments had the same edge recombination properties. Table 4-4 lists the 

effective J0s, 1-sun m and iVoc and pFF values of the same sample wafer fragment at each of 

the different processing stages. All wafer fragments showed a similar trend with processing, 

but the actual values differed slightly from fragment to fragment. 

Although the P laser doping process reduced the iVoc, it did not significantly affect the m 

(iVoc) curve, implying that it did not introduce additional dominant SRH recombination 

centres in the wafer. The J0s was slightly increased, which is to be expected, given some laser 

damage at the n-type surface. However, the first 700 C anneal significantly changed the 

recombination state of the wafer. The value of m was reduced at low injection levels, but was 

increased to 1.3 - 1.4 in the mpp-Voc region, decreasing the pFF. As observed for the 

representative wafer reported previously, this anneal also decreased J0s. However, there was 

no significant impact on the iVoc. 

The B laser doping resulted in a significantly decreased iVoc and increased m in the mpp-Voc 

range to ~ 1.5, corresponding to a further reduction in the pFF to 81.1%. Boron laser doping, 

performed using a laser speed of 0.5 m s
-1

, is known to create very deep locally-diffused p+ 

regions [160], thereby increasing the surface area of the recrystallised Si volume. The laser 

used for these experiments had a Gaussian beam shape. Consequently, less energy was 

absorbed at the edges of the laser grooves, resulting in non-uniformly doped Si and, in some 

cases, partially-opened regions which exposed lightly-doped Si at the surface. These non-

uniform edge regions can significantly impact τeff. 

The subsequent 700 C anneal effectively returned the wafer to a similar recombination state 

as recorded for the first 700 C anneal. There was some recovery of the iVoc losses incurred 

by the B laser doping process, however the m value in the mpp-Voc range and the pFF were 

the same as recorded for the earlier 700 C anneal. This suggested that the wafer was returned 

to the same recombination state even after the introduction of new SRH recombination 

centre(s) by the B laser doping process. The B laser-doped recombination state was simulated 
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using the method described in Section 4.4.1, assuming an initial state described by the τeff 

(Δn) data recorded after the first 700 C anneal. Although it is possible that the B laser doping 

process may introduce further B-O defects, this analysis assumed a single mid-bandgap SRH 

recombination centre with Et = 0.56 eV. The simulated data is shown with the experimental 

data in Figure 4-18 and the estimated values of τn0 and τpo are listed in Table 4-5. The value of 

σn/σp, calculated from τn0 and τpo, was 5.6. Although there is good agreement between the 

simulated and experimental data at high injection levels, differences exist at mid-injection 

levels, suggesting that the damage incurred by B laser doping may not be well described by 

the introduction of only one additional SRH recombination centre.  

Cotter et al. [315] reported injection-dependent recombination, which was characterised by 

peaks in the m (iVoc) curve in the mpp-Voc range and reduced FFs for heavy B groove 

diffusions in double-sided buried contact p-type cells. They attributed this to diffusion-

induced misfit dislocations. However, the peaks (and reduced FFs) were not observed for n-

type cells. It is not known whether B laser doping results in similar dislocations, but it would 

be interesting to determine whether similar recombination is introduced by B laser doping of 

n-type cells. Although, clearly, there is still much to understand about what is occurring in 

cells once SRH recombination centres are introduced through processes like B laser doping, 

this study has demonstrated the injection dependent lifetime analysis can be used to 

investigate the nature of recombination changes after each processing step, with the use of 

QSSPL extending the injection level range over which the analysis can be performed.  

 

Figure 4-17. (a) Injection-dependent τeff; and (b) m-iVoc curves for a representative cell after different 

processes. 
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Table 4-4. Summary of calculated cell parameters after each of the different processes for the cell used 

for Figure 4-17. 

Process 
Jos 

(fA/cm
2
) 

1-sun iVoc 

(mV) 

1-sun 

m 

pFF 

(%) 

Edge Isolation 106 665 1.1 82.0 

P laser doping 116 654 1.2 81.7 

Anneal 700 °C 53 654 1.4 81.4 

B laser doping 57 636 1.5 81.1 

Anneal 700 °C 60 645 1.4 81.4 

 

Figure 4-18. Injection-dependent m curves for an initial state (700 C anneal), B laser-doped state and the 

best fit of Eq. 4-21 to the B laser-doped data. The fitted data assumed an Et value of 0.56 eV (i.e., mid-

gap). 

Table 4-5. Values of τn0 and τpo obtained by fitting Eq. 4-21 to the experimental B laser-doped data. Data 

fitting assumed that Ec -Et = 0.56 eV. 

Initial Process n0 (µs) p0 (µs) n/p 

700 C Anneal 180 1000 5.6 
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In conclusion, this study investigated the possibility of cell processing steps changing the 

recombination properties of defects or complexes (such as B-O defects) in the Si bulk such 

that their asymmetric capture cross-sections can impact the pFF of the cell. Recombination at 

bulk defects having asymmetric capture cross-sections can be manifested in elevated m 

values in the mpp-Voc region of cells in which recombination is minimised at the surfaces. 

Consequently, elevated m values detected during cell processing can provide an indicator for 

substantially reduced device FF, as predicted in [269]. Injection-dependent recombination 

has been described previously [281, 312-316], but the focus of these earlier studies was on 

surface recombination. The improved levels of surface passivation enabled by having 

hydrogenated SiNx layers on both wafer surfaces raises the possibility that bulk 

recombination centres, such as B-O defects which are known to have σn/σp ratios of ~ 10, 

may begin impacting device FF. 

This study demonstrated observed changes in the recombination state of cells fabricated using 

B-doped Cz wafers after introducing and eliminating recombination-active B-O defects, as 

described in [65],  with QSSPL and QSSPC measurements. The generated m (iVoc) curves 

represent recombination states of cells, and it was shown that the regeneration process 

described by Wilking et al. [65] places the cell in an almost identical recombination state as a 

700 C belt furnace anneal. Furthermore, B-O defects that were activated by light soaking 

were modelled as a single SRH recombination centre with an estimated σn/σp ratio of ~ 14 

using a method which represented all the other sources of recombination in the wafer using 

τeff (Δn) data recorded before light soaking. This estimate is larger than the values of 9.3 and 

12 that have been previously reported for B-O defects [69, 70, 272, 321]. However, there are 

a number of assumptions inherent in the analysis presented here, the first and foremost being 

the assumption that recombination introduced by light soaking was due to a single 

recombination centre and all other recombination in the wafer was unchanged by the process. 

The described method, however, does demonstrate how injection-dependent lifetime 

measurements using PL and PC can be combined and used to extract information about the 

nature of recombination in the device and indicates when FFs may be potentially impacted by 

various processing steps.  

The use of QSSPL, in addition to QSSPC, allowed the injection range over which the 

injection-dependent lifetime analysis could be performed to be increased to 1×10 
11

 cm
-3

 to 

1×10
17

. It was not clear from this initial study whether the increased injection range was an 
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advantage and consequently the value proposition of using QSSPL over just the injection-

dependent eff measurements from QSSPC was investigated further in the second study. 

As mentioned in Chapter 3, this work was motivated by the observation of lower than 

expected FFs in the plated bifacial laser-doped p-type cells. The initial results demonstrated 

the effect of P and B laser doping on the m(iVoc) curves generated from B-doped cells 

bifacially passivated with SiNx. Although the B laser doping process introduced additional 

recombination to the cell, which was manifested in an elevated m value of 1.5 in the mpp-Voc 

injection range, the additional recombination was not well modelled by a single SRH 

recombination centre in the mid-injection range. However, the results presented in this 

section clearly demonstrate how SRH recombination centres, with injection-dependent 

lifetimes due to an asymmetries in their σn/σp, can potentially decrease device FF. Also peaks 

in local ideality factor curves in the mpp-Voc range can provide a useful graphical indicator of 

this injection-dependent recombination.  

4.4.2 Second Study: Symmetrically-Passivated Wafers 

As mentioned in the previous section, to improve the accuracy of the modelling, the second 

study used symmetrically-diffused (and passivated) full-area (125 mm) wafers instead of 4.5 

cm cells (fabricated by cleaving cells from larger wafers). In this study, the use of using just 

QSSPL data (with PC being used only for calibration) for the injection-dependent SRH 

analysis was investigated as a possible way of increasing the accuracy of the SRH analysis by 

the inclusion of a wider injection range of data. In addition, this study investigated the role of 

the passivating dielectric on recombination in the wafers following the processes of belt 

furnace annealing, light soaking and regeneration. By comparing Group C wafers (passivated 

with thermal oxide), to Group A and B wafers (passivated by PECVD SiNx), it was 

hypothesised that the contribution of a PECVD SiNx layer to recombination changes should 

be observable, and by comparing the Group A and B wafers, the contribution of RTA 

annealing at 700 ⁰C after SiNx deposition to changes in recombination should be evident.  

The experiment (see Figure 4-8) commenced with 18 wafers randomly picked from a set of 

100 B-doped 1-3  cm 125 mm Cz wafers. After the thermal oxidation step, concentric rings 

were observed to different extents in the PL images for a number of the wafers (see Figure 

4-19). Such rings can form due to recombination at iron (Fe)-decorated O precipitates and 

surrounding crystal defects [322-325]. Most industrial Cz wafers contain Fe, which is 
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typically fortuitously gettered to the emitter by the P diffusion step [315, 326, 327]. However, 

in the processing sequence used in this study, gettered Fe (collected at the heavily-doped n-

type surfaces of the wafers) may have been released back into the bulk of the wafer during 

the thermal oxidation, from where it was either gettered to or precipitated at O precipitates 

which form in rings corresponding to vacancy-rich regions which can occur in rapidly-grown 

ingots. Recombination in Fe-contaminated samples has been shown to depend on both the 

concentration of Fe and the density of O precipitates [328]. Murphy et al. proposed that if the 

Fe concentration is relatively low (< 5 ×10
12

 cm
-3

), then it can be gettered (reversibly) at the 

precipitates, but higher contamination levels can result in irreversible precipitation [325]. In 

this study, the pre-oxidation RTA may have exacerbated this situation by initiating the 

nucleation of more O precipitates than would have otherwise have been present.   

The extent of this problem varied between wafers, most likely as a result of differences in 

both the O and Fe concentrations between wafers. However, it was interesting to note that 

when SiNx was deposited on 12 of the initial 18 wafers, the wafers having the most evident 

rings after thermal oxidation experienced a very large decrease in τeff, with the entire centre of 

the wafer being significantly degraded in PL intensity [see Figure 4-19 (c)]. Annealing after 

SiNx deposition (for Group A wafers) improved these wafers’ τeff values slightly, but the 

improvement was mostly in the peripheral regions rather than in the central regions of the 

wafer. This observation supports the theory that although H may be able to passivate 

dangling bonds associated with O precipitates [325, 329], it may be less effective at reducing 

recombination at Fe-decorated O precipitates. To minimise the effect of this problem on the 

remaining experiment, all of the wafers in which rings were evident in the PL images either 

immediately after thermal oxidation or after SiNx deposition were eliminated from the 

subsequent analysis. This left only three wafer per group. 
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Figure 4-19. Images (a) and (b) show two wafers after the thermal oxidation step. The wafer in (a) shows 

evidence of annular regions of reduced τeff, whereas the wafer in (b) is reasonably uniform except for edge 

effects. The PL images in (c) and (d) were recorded after 75 nm SiNx had been deposited (i.e., after SiO2 

removal). Whereas the τeff of the wafer imaged in (c) is seriously degraded, especially in the centre of the 

wafer, there is no evidence of “rings” in (d). All PL images were recorded using a BTi imaging tool with a 

0.1 s exposure and are graphed using the same scale. 

Figure 4-20 shows the injection-dependent eff for representative wafers from each group of 

wafers and Table 4-6 lists the iVoc, and J0s for each group after each process. Low J0s values 

of 4 fA/cm
2
 were measured for both the SiNx-coated and the thermal oxide-coated wafers, 

though for SiNx it was necessary for the wafers to be annealed after deposition to achieve 

these low surface recombination currents. The first light soak did not change J0s for Group A 

and C wafers, suggesting that the decrease in iVOC that was measured was due to the 

introduction of recombination within the wafer, presumably largely due to the activation of 

B-O defects.  However, for the Group B wafers, J0s increased with light soaking, therefore 

making it difficult to determine where the introduced recombination was occurring.  

The regeneration process increased the eff and iVoc of the SiNx-coated wafers [see Figure 

4-20 (a) and (b)] but further degraded the iVOC of the thermal-oxide passivated wafers [see 

Figure 4-20 (c)]. Furthermore, the regenerated iVoc was only stable during a second light 

soaking for Group A wafers (SiNx with a post-deposition RTA), with the thermal-oxide 

passivated wafers degrading even further with the second light soaking. This result adds 

further evidence to the theory that a “fired” H-containing dielectric is required for stable B-O 

regeneration. Some recovery in iVoc after regeneration was possible if the deposited SiNx was 

not rapidly annealed (Group B) before light soaking, but this recovery was not stable. It was 
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also observed that during the process of light soaking/regeneration/light soaking, ‘rings’ 

started to appear in the SiO2 passivated wafers (Group C), becoming progressively more 

evident with each step (see Figure 4-21). This raises the possibility that carrier injection with 

thermal annealing may also be enhancing impurity decoration of oxide precipitates, a 

possibility which requires further investigation.  “Rings” did not become more evident in the 

PL images after light soaking and regeneration in the Group A and B wafers. 

 

Figure 4-20. Injection-dependent τeff measured using QSSPL and PC for a representative wafer from (a) 

Group A (SiNx with subsequent RTA); (b) Group B (SiNx and no subsequent RTA); and (c) Group C 

(thermal oxide). 

Table 4-6. Calculated iVOC and J0s values after each processing step for each group. NA = Not applicable 

to that group. 

Process 

Group A Group B Group C 

iVoc  

(mV) 

J0s  

(mA/cm
2
) 

iVoc  

(mV) 

J0s  

(mA/cm
2
) 

iVoc  

(mV) 

J0s  

(mA/cm
2
) 

After thermal oxidation NA NA NA NA 666 ± 2 4 ± 1 

After SiNx deposition 657 ± 2 59 ± 6 654 ± 2 70 ± 7 NA NA 

After RTA 678 ± 2 4 ± 1 NA NA NA NA 

1st  Light soak 671 ± 1 4 ± 1 643 ± 1 97 ± 10 657 ± 3 4 ± 1 

Regeneration 676 ± 1 4 ± 1 650 ± 1 105 ± 10 654 ± 3 4 ± 1 

2nd  Light soak 675 ± 1 4 ± 1 644 ± 2 103 ± 10 649 ± 4 4 ± 1 
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Figure 4-21. PL images of a Group C wafer which had been passivated with 200 nm SiO2, recorded (a) 

after thermal oxide growth; (b) after a 1st light soak; (c) after regeneration; and (d) after the 2nd light 

soak. 

The SRH modelling was performed separately for both the QSSPL and the QSSPC data in 

order to determine whether there were any advantages in using the wider injection range 

made possible in using QSSPL for the analysis. For all wafers, the light-soaked eff (Δn) data 

were modelled assuming the introduction of a single SRH defect (Ec - Et = 0.41 eV) and 

initial states of: (i) the RTA-annealed state; and (ii) the regenerated state (i.e., as was done in 

the first study). This resulted in estimates of n/p for each wafer, which were averaged for 

each Group (see Table 4-7).  
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Table 4-7. Estimated n/p values obtained from the QSSPL and QSSPC analyses, assuming the 

introduction of a single defect corresponding to the B-O defect (Ec - Et = 0.41 eV) being introduced into 

the pre-light soaked state and regenerated state. The errors in the estimates for n/p represent the 

maximum deviation from the computed mean of the wafers in each group. 

Group 

Fitted σn/σp value with QSSPL Fitted σn/σp value with QSSPC 

From pre-light-

soaked state 

From regenerated 

state 

From pre-light-

soaked state 

From regenerated 

state 

Group A 9.7  1.7 20.0  11.3 9.7 ± 1.9 18.5 ± 4.5 

Group B 16.6  1.7 12.9  10.8 13.8 ± 2.8 13.7 ± 1.3 

Group C 23.3  3.5 NA 15.7 ± 10.3 NA 

Figure 4-22 compares the estimates of n/p obtained using the QSSPL and QSSPC analyses 

for all Groups of wafers with Figure 4-22 (a) showing the estimates obtained using the RTA 

state as the initial state and Figure 4-22 (b) showing the estimates obtained using the 

regenerated state as the initial state. 

 

Figure 4-22. Estimates of n/p using the QSSPL (red) and QSSPC (black) measurements obtained using: 

(a) the RTA state as the initial state; and (b) the regenerated state as the initial state. 

The average value of n/p estimated for the Group A wafers from their RTA initial state was 

9.7  1.7 and 9.7 1.9 using the QSSPL and QSSPC data, respectively. This value is close to 
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the value of 9.3 reported by Rein et al.[272]; and closer to the previously-reported reference 

value than the estimates in the first study where contributions from asymmetric surface 

passivation and edges were expected to have added to the uncertainty of the SRH modelling.  

The values of n/p estimated for the Group A wafers using the regenerated state as the initial 

state were 20.0 ± 11.3 and 18.5 ± 4.5 using the QSSPL and QSSPC data, respectively. These 

estimates are significantly larger and more variable than the values obtained from the RTA 

initial state, suggesting that either the light soaking and/or the regeneration process affected 

recombination at more than one defect. Such a large difference between the estimates for 

n/p arising from using the different initial states was not evident for the first study 

(seeTable 4-3), and so it is possible that the difference observed in the estimates for this study 

may have been due to the inclusion of the 700 ºC pre-anneal step (see Figure 4-8). This RTA 

step had been included to ensure that wafers from all Groups experienced a belt furnace 

anneal at 700 ºC, however the order of thermal processing is clearly critical as presumably O 

precipitates are placed in different states by high temperature treatments. This result also 

reinforces the importance of thermal history for the formation and regeneration of the B-O 

defect, and possibly other O-related defects, in p-type Cz wafers. 

The average values of n/p estimated for both the Group B and C wafers from the RTA 

initial state were both larger using the QSSPL and QSSPC analyses. This highlights that both 

the annealing of the SiNx after deposition and the application of a thermal oxide passivation 

layer can alter the n/p of a modelled single defect having an Et corresponding to the B-O 

complex. Figure 4-22 (a) shows that the variance of the estimates is also significantly 

increased for wafers in Groups B and C. Although the values of n/p estimated using the 

regenerated states were not significantly larger than those estimated from the RTA state, the 

values were larger than the value of 9.3 reported by Rein et al.  

Figure 4-23 shows the QSSPL and QSSPC analyses for a representative Group A wafer 

where the RTA-annealed state was used as the initial state for the SRH modelling. The value 

of n/p was estimated to be 10.1  0.9 and 8.5  0.5 for the QSSPL and QSSPC analysis, 

respectively, with the error in the estimates being calculated from the covariance matrix of 

the least squares fit [330]. Figure 4-24 shows the modelled light-soaked data for the same 

wafer using, in this case, the regenerated state as the initial state. There was a much larger 

difference in the n/p value estimated in this analysis, with values of 10.0  0.7 and 15  0.4, 
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being estimated for the QSSPL and QSSPC data, respectively. This larger difference may be 

due to the regeneration process also affecting recombination at other defects, and in 

particular, defects which influence the lower injection regions of the curves. This may have 

limited the accuracy and validity of the QSSPL modelling as the initial assumption of a single 

introduced defect was no longer valid.  

Although the increased range of data obtained from the QSSPL might be expected to result in 

a more accurate estimate of n/p, the low injection data may also be impacted by 

recombination at the wafer edges or regions outside of the illuminated area [306]. This 

recombination can be more significant for diffused wafers (as used here), as carriers are more 

effectively conducted out of the PL detection region. Although the wafer area was larger in 

this study, the presence of diffused layers on both wafers surfaces may have permitted 

increased carrier conduction. 

It can be seen that the n/p estimates obtained using QSSPL measurements using the 

regenerated state as the initial state were more variable than those using only QSSPC data. 

This variability was most likely introduced by the inclusion of the low injection data in the 

analysis as light soaking appears to also introduce recombination changes in the injection 

range of n ~ 10
13

 cm
-3

 and so the assumption of the introduction of a single defect no longer 

holds. When the analysis is performed using just the QSSPC higher injection data, 

contributions from the low injection data that may affect the accuracy of the estimate are 

fortuitously avoided. However, it is still interesting to note that the variability incurred by 

including the low injection data in the analysis results in more variance when the regenerated 

data is used as the initial state. With the limited samples involved in the study it was difficult 

to explain why this occurred, with many possibilities existing (e.g., the RTA preceding light 

soaking may have introduced a defect affecting the low-injection data).  

If the objective of the analysis was to accurately estimate the n/p for the deep-level B-O 

defect, and then a practical conclusion is to only measure the injection range where the 

expected asymmetric n/p is expected to be manifested in the eff (Δn) data. If that can be 

achieved using QSSPC, then use of QSSPL may introduce unnecessary measurements and 

complications and reduce accuracy. 
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Figure 4-23. Injection-dependent τeff measured by (a) QSSPL and (b) QSSPC, representing the best fit of 

Eq.4-21 to the first light-soaked data using the RTA state as the initial state [i.e., Method I in Figure 4-13. 

The value of n/p was estimated to be 10.1  0.9 and 8.5  0.5 for (a) and (b) respectively. The error in 

the estimates was calculated from the covariance matrix of the least squares fit. 

 

Figure 4-24. Injection-dependent τeff measured by (a) QSSPL and (b) QSSPC, representing the best fit of 

Eq. 4-21 to the first light soaked data from using the regenerated state as the initial state [i.e., Method II 

in Figure 4-13. The value of n/p was estimated to be 10.0  0.7 and 15  0.4 respectively. The error in 

the estimates was calculated from the covariance matrix of the least squares fit. 

4.5 Conclusions 

This study was motivated by the low pFF and multi-peaked m-V curves observed for the p-

type bifacial solar cells, the fabrication of which was described in Chapter 3. Earlier 

experiments used a combination of QSSPL and QSSPC to investigate the effects of various 

cell processing steps on recombination in solar cells fabricated using the same cell structure 

as used for the bifacial p-type solar cells. It was shown that activation of B-O complexes in 
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the cells by light soaking can impact the pFF and be manifest in increased values of m in the 

injection range between the mpp and VOC.  

The recombination (introduced by light soaking) was modelled as a single SRH 

recombination centre at Ec - Et = 0.41 eV and an n/p ratio of ~14. The effects of B and P 

laser doping on the injection-dependent m were also investigated. Boron laser doping was 

shown to introduce additional recombination in cells, as indicated by the increased value of m 

to ~ 1.5 in the injection range between the mpp and VOC. However, in this initial experiment, 

the additional recombination was not well modelled by a single SRH recombination centre, 

especially in the mid-injection range, due to edge effects arising from the analysis of small 

cells and non-symmetric passivation. Finally, it was shown that high-temperature belt furnace 

anneals can place cells into a specific recombination state, and cells can be returned to this 

state by subsequent anneals even after additional recombination is introduced into cells by 

processes like laser doping. 

A second study was then performed with the aim of increasing the accuracy of the modelling 

and further understanding the effect of the thermal annealing on p-type cells. Similar QSSPL 

and QSSPC measurements and modelling were performed but in this case 125 mm wafers 

with symmetric passivation were used to address the issues identified in the earlier study. 

With a higher intensity flash light, use of QSSPL measurements enabled eff measurements 

over a larger range of injection levels than possible with QSSPC, potentially increasing the 

accuracy of estimates of the capture cross-section ratio of the deep-level B-O SRH defect. 

Although the value of n/p estimated using QSSPL (9.7  1.7) and QSSPC (9.7  1.9) for 

wafers symmetrically passivated with SiNx and subsequently rapidly fired were very similar 

and close to the value of 9.3 reported by Rein et al. for the B-O defect, significant differences 

in the ratio and larger variances in the within-group measurements resulted for wafers with 

SiNx that were not annealed and wafers that were passivated with the thermal oxide. It was 

concluded that the inclusion of the low-injection QSSPL data may introduce inaccuracies 

arising from the conduction of excited carriers via the diffused emitter away from the 

measurement area. It is also possible that RTA, light soaking and/or regeneration processing 

steps may result in changes in the recombination properties of other defects which are 

manifest in the low-injection data. This may suggest that there is little advantage in using 

QSSPL over the more commonly used QSSPC measurements for these SRH analyses, and in 
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fact, such analyses may be best limited to the injection range at which the asymmetry of 

capture cross-sections becomes evident.  

Additionally, the study confirmed that stable regeneration of eff was only achieved when 

wafers were passivated with SiNx and underwent a RTA after deposition. If wafers were not 

rapidly thermally annealed after SiNx deposition, then the recovery of eff observed with 

regeneration was not stable during a second light soak. Furthermore, the effective carrier 

lifetime of wafers passivated with a thermal oxide continued to decrease with light soaking, 

regeneration and a second light soaking, with the appearance of “rings” in the PL images of 

oxide-passivated wafers as they underwent light soaking and regeneration. This highlights the 

possible role of oxide precipitates in reactions occurring with light soaking and regeneration. 

In summary, this work demonstrated that laser damage is not the only factor that results in a 

lower FF and high ideality factors in p-type bifacial solar cells, such as reported in Chapter 3. 

Use of a RTA could mitigate laser damage to some extent, but it has been shown in this 

chapter that RTA processes can also result in other side effects which could potentially lead 

to the degradation of fabricated cells in the long term, this degradation having origins which 

may extend back to the O defects which form during ingot growth.    

  



135 
 

CHAPTER 5                                                 

UNDERSTANDING PLATED METAL ADHESION  

5.1 Introduction 

5.1.1 Motivation 

As discussed in previous chapters, Cu plating can reduce the consumption of Ag for Si PV 

manufacturing, whilst also offering the potential to increase cell efficiency by way of reduced 

shading due to very narrow fingers and contacting Si surfaces with low P concentrations. 

However, the previous chapters have shown that it can be challenging to plate busbars and 

fingers with sufficient adhesion to Si. For example, although in Chapter 3 it was 

demonstrated that bifacial laser-doped plated cells with an average efficiency of 19% could 

be fabricated, the finger and busbar adhesion of the plated grid was poor and hence soldered 

interconnection was not possible. Furthermore, although laser damage could be mitigated by 

using a fast laser speed to dope the contact regions through an AlOx/SiNx dielectric stack, the 

plated metal adhesion was too poor to fabricate any devices. Therefore, it was concluded that 

it is critical to understand why the plated metal adhesion is so poor if reliable plated PV 

module production is to be possible.  

5.1.2 Objective  

The primary objective of the experiments reported in this chapter was to investigate the 

critical factors that impact the adhesion of plated metal to Si solar cell surfaces and to explore 

whether the limited adhesion can be addressed sufficiently so that plated busbars can be 

soldered. To date, adhesion for cell metallisation has typically been assessed by busbar pull 

tests. However, when plating grids of fingers and busbars it is also important to ensure that 

fingers do not dislodge or peel during module fabrication. In this chapter, the contributions of 

the Si surface morphology and plated Cu properties to adhesion are evaluated using a 

combination of busbar pull tests and stylus-based adhesion measurements [37]. 
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5.2 Cell Metallisation Adhesion Testing Methods 

5.2.1 Busbar Pull Tests 

Cell interconnection is a critical factor that affects the reliability and cost of Si PV modules. 

The industry standard method for cell interconnection is to solder alloy-coated Cu ribbons to 

the busbars and rear tabs of adjacent cells in a module. This interconnection method is widely 

accepted due to the advantages of low cost and high reliability, as it has been standardized in 

the semiconductor and microelectronic packing industries for many years. When the PV 

manufacturing industry adopted this interconnection technology, it also adopted the busbar 

pull test to evaluate bonding adhesion of the alloy-coated ribbons to the solar cell (e.g., see 

IEC 61189-3 [331, 332]).  

Pull tests can be performed using different angles (see Figure 5-1) and pulling speeds, 

however comparison of pull forces requires the testing configuration to be fixed. The 

standards specifying the pull testing method do not define the angle and speed to be used for 

testing [331, 332] and consequently different testing conditions are frequently used, making it 

difficult to directly compare between published measurements.  

 

Figure 5-1. Schematic showing pull test configurations using different angles (from [332]). 
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With respect to the Si PV industry, the main argument for using a 180-degree angle pull test 

is that it can avoid wafer breakage during testing, as the force is applied parallel to the Si 

wafer. However, pulling at 180 degrees means that the measured force also includes 

contributions from ribbon bending. These contributions can be reduced by pulling the ribbon 

at an angle of 90 degrees and minimising wafer breakage by using two-block plates adjacent 

to the ribbon being tested (see Figure 5-2) [333]. However, even with this configuration, 

some cracking of the Si can be observed after measurement when the pulling force is large 

[333-335]. 

 

Figure 5-2. 90-degree pull test employed to reduce the chance of the solar cell breaking during 

measurement (from [333]). 

Klengel further improved the 90-degree pull test by adding an additional opposing force to 

hold the solar cell in place a short distance before the peel point (see Figure 5-3) [332]. 

During the pull strength test, different failure modes can occur. When the adhesion force of 

the busbar is larger than the strength of the Si wafer, cracking of the Si is often observed 

during the measurement. However, this force recorded during the measurements is not the 

adhesion force of the busbar but the strength of the Si wafer. Therefore, it is important to 

avoid cracking of the Si wafer. By using the 90-degree pull test method with an additional 

opposing force, crack propagation in the Si during the pull test can be prevented and the 

recorded pull force can be shown to correlate with the fracture energy of the interface [332, 

335].  
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Figure 5-3. Improved testing of solder busbar proposed by Klengel [332], where an extra opposing 

holding force controls the peel (pull) angle. 

However, as mentioned above, the standard for busbar pull test (IEC 61189-3) [335] does not 

specify which angle should be used and both the 180- and 90-degree pull test force 

measurements contain contributions from other factors in addition to the adhesive force of the 

cell busbar on the Si wafers. In reality, what typically occurs is that research centres and 

companies use different methods due to the limitation of their testing equipment and their 

personal preference.   

5.2.2 Other Adhesion Testing Methods 

Other testing methods for cell metallisation adhesion also exist. However, the basic theory is 

similar to that of busbar pull forces and evaluations typically involve measurements of the 

force required to detach one material from another. Many earlier methods (e.g., the tape test) 

were much simpler due to the lack of electronic force sensors [336-338]. Figure 5-4 below 

shows one of the basic versions of the tape test. In order to measure the adhesion force 

between the film and substrate, the tape is applied on the film and then pulled upward at an 

angle of 180 degrees. As the stickiness of the tape is a defined value which provides a 

constant force during the upward pulling, it can provide a measure of whether the film passes 

a certain adhesion criterion. However, it is difficult to extract more information about the 

process of peeling and to obtain a quantitative measure of the interfacial adhesion.  This 

method, which is similar to the modern busbar pull test, has also been used to assess solar cell 
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finger adhesion [157, 339, 340]. In these qualitative assessments, the type of tape used must 

meet a certain specification otherwise relative comparisons are not possible.  

 

Figure 5-4. Tape pull test used to assess adhesion in the film industry[338]. 

Scratch or stylus testing methods have also been used to assess thin film adhesion [341-344]. 

In these methods, a sharp and hard stylus is used to scratch the top surface of the film with a 

downward loaded force. The stylus is typically mounted on force sensors, which can measure 

the force changes during the scratching motion. After the stylus has scratched the film 

surface, the film surface morphology changes (see Figure 5-5) and the failure mode can be 

identified by microscope. Heavens and Collins [345, 346] first used this method to 

quantitatively investigate the adhesion of metal films on glasses. After many years of 

development, scratch testing is now widely used in film adhesion measurement, especially in 

regard to evaluating ageing effects [337, 341, 347]. However, this method is not feasible for 

solar cell finger and busbar adhesion since it requires a large flat area of film.  
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Figure 5-5. A sample film scratch test showing the scratch marks left behind on the film with increasing 

applied force, resulting in the formation of deeper grooves in the film (from [337]). 

In another adhesion testing method, known as the four-point bending test (see Figure 5-6), a 

film sample is loaded on a steel substrate and an external load is applied with a compressive 

downward force. The film bends with the steel substrate and an acoustic emission transducer, 

mounted on the steel substrate, detects micro-fractures of the test film during bending. The 

acoustic signals can be correlated to the adhesion quality of the film [337, 348]. This method 

could potentially be used to assess interfacial adhesion of plated fingers and busbars on Si 

solar cells since the Si is thin and flexible and would also bend on application of the 

downward force. However, there have been no reports of the use of this method in the 

measurement or assessment of cell metallisation adhesion.  

 

Figure 5-6. Schematic showing the operation of a four-point bending test (from [337]). 
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5.2.3 Stylus-based Adhesion Testing 

Strong finger adhesion is critical for reliable plated metallisation; however, the scratch testing 

method used extensively in the film coating industry discussed previously is not suitable for 

finger adhesion tests since the measurement assumes a continuous film. In 2014, Young et al. 

adapted the scratch testing method to solar cell metallisation in their report of a stylus-based 

adhesion tester which could measure the lateral force required to dislodge metal fingers from 

the surface of a solar cell [349]. Figure 5-7 shows a photo of the weighted stylus used by 

Young et al. The stylus was mounted on a load cell, allowing the measurement of a lateral 

horizontal force as the stylus impacted fingers on a solar cell placed on an X-Y moving stage 

with vacuum chuck. During the measurement, the stylus (with a 0.7 mm tip) was in contact 

vertically with the solar cell surface and was freely able to move up and down due to its own 

weight or with an additional weight. As the stage with the solar cell moved laterally with 

respect to the stylus, the stylus impacted fingers and the load cell recorded the force required 

to dislodge them, FD. The stage speed was able to be changed, but Young et al. typically used 

0.5 mm/s to ensure sufficient force sampling during a finger impact to allow detection of the 

peak force. An additional weight on the stylus was used to ensure that the stylus did not ‘slip’ 

over fingers when the height of the fingers was insufficient to allow lateral dislodgement by 

the stylus. When the additional weight was used, the stage speed was increased to 1 mm/s to 

reduce the frictional losses associated with the relative motion across the solar cell surface 

[350]. 
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Figure 5-7. The finger adhesion tester reported by Young et al., which comprised of a weighted stylus on 

a force sensor. The solar cell being tested was moved laterally on a stage allowing individual fingers to be 

dislodged by the stylus (from [349]). 

This finger adhesion test permitted the measurement of three useful metrics. The first metric 

is the peak dislodgement force, or FD. After a stylus scan across a wafer (cell), the value of 

FD can be extracted from the recorded time-sequential force measurements using a peak 

picking signal analysis algorithm. Histograms of FD can then be generated to quantitatively 

compare between different metallisation processes (see, for example, Figure 5-8). 
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Figure 5-8. Histogram of FD values recorded for cells, in which the Cu plating time was varied (from 

[349]). 

The second metric that can be obtained using this testing method is the ‘peel width’ of the 

fingers. As the stylus dislodges fingers, the dissipated force results in fingers dislodging from 

the cell at both sides of the impact point and peeling laterally. The distance that the fingers 

peel can be measured and represented as a ‘peel width’. Figure 5-9 shows how the ‘peel 

width’ can vary with different plating conditions (e.g., Cu plating duration). Finger peeling, 

which is discussed in more detail in this chapter, depends on both tensile stress in the metal 

finger (which can be affected by the plating process) and interfacial adhesion of the finger 

metal to the underlying Si. In the measurements reported by Young et al., tape was used to 

limit the extent of finger peeling so that multiple stylus scans could be performed across the 

wafer. However, within the non-taped regions of the cell, large visual differences in finger 

peeling were observable as a result of different metallisation conditions.  

 

Figure 5-9. Photo of stylus scans for four different solar cells showing differences in peel width for 

different Cu plating durations (from [349]). 
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The third metric that can be obtained from this testing method is a mapping of FD values 

across a cell. This is acquired by performing multiple scans across a metallised solar cell. 

This map of FD values can show how the metallisation varies across an industrial 156 mm 

solar cell (see Figure 5-10). It can also be applied to screen-printed cells (see Appendix A). 

Cell FD maps can be used to compare different plating conditions (e.g., anode position or 

chemical flows) and thereby assist in the identification of problems that may occur during the 

plating process.  

 

Figure 5-10. A map of FD across a Cu-plated 156 mm laser-doped selective emitter cell showing a clear 

trend of lower FD in one corner of the cell (from [349]). 

These three metrics collectively suggest that the stylus-based testing method developed by 

Young et al. can represent a practical and useful metallisation metrology method. When cell 

fabrication is complete, I-V measurements can be used to assess electrical performance, PL 

imaging can be used to assess uniformity of minority carrier lifetime across a cell, and 

electroluminescence (EL) imaging can be used to identify non-uniformity in electrical 

contacting. However, none of these measurements can identify possible dislodgement or 

peeling of plated metal during module fabrication or during the lifetime of the module. For 

this reason, the stylus testing method reported by Young et al. was further developed at 

UNSW and was used in this thesis study to evaluate plated metal adhesion to Si solar cells.  
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In order to understand how the fingers respond to the lateral force applied by the stylus, an in-

situ camera was installed to visually monitor the finger dislodgement process (see Figure 

5-11) [351]. Chen et al. observed the existence of two distinct failure modes when the stylus 

impacted fingers. With softer and more fragile metal fingers (e.g., screen-printed Ag fingers), 

the stylus was observed to cut-through the finger with limited or no finger peeling [see Figure 

5-11(a)]. This mode was classified as ‘cut-off’ mode. However, with the more rigid Cu-plated 

fingers, the stylus dislodged fingers, initially appearing to ‘stretch’ the fingers before they 

broke and peeled laterally from the point of impact [see Figure 5-11(b)]. This mode was 

referred to as ‘dislodgement’ mode. In some cases, when plated fingers were very short or 

very soft, cut-off mode was also observed. This observation suggests that fingers with a lower 

mechanical strength and strong interfacial adhesion are desirable for a reduction of finger 

peeling.  

 

Figure 5-11. Recorded video frames showing the different failure modes that can occur on stylus impact: 

(a) cut-off failure shown for a screen-printed Ag finger; and (b) dislodgement failure shown for a plated 

Cu finger (from [351]). 

The adhesion testing process, realised by the contributions of Young et al. and Chen et al., 

demonstrated the potential of stylus-based finger adhesion testing to be used to identify and 

monitor cell metallisation. The experiments reported in this chapter show how this testing 

method, used in conjunction with busbar pull testing, can be used to unravel the relationships 

between laser patterning, plating conditions and metallisation adhesion and cohesion.    
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5.3 Role of the Contact Opening Method 

5.3.1 Introduction 

In this section, the role of surface morphology, or surface roughness, in the adhesion of plated 

metal to Si solar cells will be discussed. Surface roughness is considered one of the most 

critical factors in metal adhesion. The cell fabrication experiments reported in Chapter 3 

involved the use of a CW 532 nm laser to form the contact openings in the dielectric coating 

of both the n-type and p-type surfaces of the bifacial cells. The adhesion of Ni/Cu fingers 

plated to both the n-type and p-type laser-doped openings was observed to be poor.  

This section reports on experiments in which the adhesion of Ni/Cu fingers, plated to 

openings formed by different laser processes (CW laser doping, ns and ps laser ablation), was 

measured and compared. Two different plating sequences were used for the laser-doped cells 

to assess their ability to improve the interfacial adhesion. The laser-ablated cells were all 

annealed after plating as this process has been demonstrated successfully before [38, 76, 78]. 

The adhesion was assessed using a combination of busbar pull forces and stylus-based finger 

adhesion measurements.    

5.3.2 Experimental 

In this experiment, two groups of wafers were prepared. Group A consisted of wafers that 

were laser-doped using a CW 532 nm laser (as described in Chapter 3), with subgroups, 

where the Ni was plated using a one-step Ni-plating process (Group A1) and a two-step Ni-

plating process (Group A2). In Group B, the SiNx ARC of the cells was ablated using either a 

ns or ps UV laser.  

The Group A cells were fabricated from 156 mm alkaline-textured B-doped 1-3 Ω cm Cz Si 

wafers. Their emitters were P-diffused to a sheet resistance of 100 Ω/ in a POCl3 furnace. 

After PSG removal, a ~ 10 nm SiO2 layer was thermally-grown on both wafer surfaces using 

dry oxidation and 75 nm of SiNx (refractive index ~ 2.0) was deposited on the n-type surface 

by PECVD using a Roth & Rau MAiA tool. 200 nm SiNx (Roth & Rau MAiA) was then 

deposited over the rear (p-type) thin SiO2 layer (SiO2/SiNx rear passivation). Laser doping 

was performed using a 15 W 532 nm laser using 85% phosphoric acid and a PBF1 B spin-on 

source (from Filmtronics) to form the n+ and p+ grids, respectively. The laser speed for the 
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n-type side was 3 m s
-1

 and 0.5 m s
-1

 for the p-type side. The size of the finger-busbar grid 

was 23 mm × 23 mm. 

The Group A1 cells were metallised using a one-step Ni plating process, (see Figure 5-12) in 

which, after the Ni annealing step, Cu was directly plated on the annealed NiSi surface. For 

the Group A2 cells, after Ni annealing, the surface was etched by immersion in HNO3 for 15 

min in order to remove any residual Ni and oxide, and a second Ni plating step was 

performed before Cu plating (see Figure 5-13).  The cells were plated using bias-assisted LIP 

on the n-type surface and using FIP on the p-type surface.  On both surfaces, the applied bias 

used with Ni (MacDermid Ni sulphamate) was 20 mA/cm
2
) and with Cu (Technic CuSO4) 

was 40 mA/cm
2
. The final plated finger thickness was 10 m for both surfaces. Annealing 

was performed for all Group A cells for 1 min by rapid thermal annealing (RTA) at 350 ºC in 

a N2 ambient. For these cells, adhesion tests comprised of just stylus-based finger adhesion 

tests (see Section 5.2.3), as soldered busbars were insufficiently adherent to record a pull 

force. 

 

Figure 5-12. Metallisation process flow diagram for the laser-doped cells with a one-step Ni plating 

process (Group A1). 
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Figure 5-13. Metallisation process flow diagram for the laser-doped cells with a two-step Ni plating 

process (Group A2; green square shows the second Ni plating). 

For the laser ablation group (i.e., Group B), P-diffused p-type alkaline-textured 

monocrystalline Cz wafers with 75 nm direct PECVD SiNx and full-area Al back surface 

fields were laser-ablated using either a 248 nm ns Coherent Compex Pro laser (Group B1) or 

a 266 nm ps Lumera Super Rapid Nd:YAG laser with a BBO crystal for the 4th harmonic 

(Group B2). The ablated finger widths for the two lasers were 20 and 13 m, respectively, 

and busbars were all ablated to a width of 1.5 mm. The cells were plated using bias-assisted 

LIP with Ni (MacDermid Ni sulphamate; 20 mA/cm
2
) and Cu (MacDermid Helios EP2; 40 

mA/cm
2
) and then capped with immersion Ag (MacDermid Helios silver IM 452. All Group 

B cells were annealed after Ag capping for 1 min at 350 ºC in an RTP in N2 ambient and then 

manually soldered with 1.5 mm interconnect ribbon (see Figure 5-14).  

 

Figure 5-14. Metallisation process flow diagram for the UV laser-ablated cells (Group B).  

Busbar pull tests were performed using an in-house built 180-degree pull tester, and the 

finger adhesion was evaluated using an in-house developed stylus-based adhesion tester 

functioning as described in Section 5.2.3. 
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5.3.3 Results 

5.3.3.1 Laser-Doped Cells (Group A) 

For all laser-doped cells, fingers were dislodged by the stylus, enabling direct comparison of 

finger FD values between different cells and cell groups. Table 5-1 shows the measured FD 

values for both surfaces of the plated laser-doped bifacial cells from Groups A1 and A2. The 

measured values were normalised to finger width to enable comparison between the fingers 

on the n-type surface (LIP) and p-type surface (FIP), because the finger widths arising from 

the different laser-doping processes differed (LIP 30 m; FIP 45 m). The average 

normalised FD values for cells from Group A2 were a factor of two larger than the Group A1 

cells for both the n-type and p-type surfaces. This confirms the findings of others that the 

two-step Ni plating process can enhance the adhesion of plated metal [27, 253, 256]. This 

increased adhesion is reported to be due to the formation of NiSix during the annealing step 

[256]. It was also evident that the normalised FD values of the fingers on the p-type surface 

were significantly greater than those for the n-type surface.   

Table 5-1. Measured FD values for p-type (FIP) and n-type (LIP) fingers of the laser-doped cells in 

Groups A1 and A2.The stated errors represent the standard deviation of the measurements. 

Cell LIP Group A1 FIP Group A1 LIP Group A2 FIP Group A2 

FD (N) 0.21  0.05 0.42  0.12 0.44  0.13 0.85  0.19 

Normalised FD 

(N/mm) 
9.5  2.3 19.1  5.5 12.6  3.7 24.3  5.4 

The visual images of the cell surface after adhesion testing showed significant differences in 

finger peeling between each process (see Figure 5-15). The p-type fingers (from FIP) of cells 

from both Group A1 and A2 experienced much less finger peeling than the n-type fingers.  

Similarly, peeling was significantly reduced for the n-type fingers of cells in Group A2 

compared to those from Group A1. 
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Figure 5-15. Peel width test for the different plated grids with: (a) n-type fingers (LIP) for Group A1; (b) 

n-type fingers (LIP) for Group A2; (c) p-type fingers (FIP) for Group A1; and (d) p-type fingers (FIP) for 

Group A2. 

To further investigate the reasons for this difference in adhesion between the n-type and p-

type fingers, after the finger adhesion test, the residue in the laser-doped grooves was 

examined. It was found that for the n-type fingers of cells in Group A1, adhesion always 

failed between the Si and Ni interface [see Figure 5-16(a)], which indicates a weak bonding 

between Si and plated Ni. For the p-type fingers, some Ni remained in the laser-doped 

grooves and, in some cases, only the Cu of the fingers was dislodged by the stylus [see Figure 

5-16(b)]. This observation suggested that the adhesion between laser-doped Si and Ni was 

stronger for the p-type laser-doped fingers compared with n-type fingers. It was likely that 

the greater adhesion was due to the p-type grooves being much rougher, deeper and wider 

than the n-type laser grooves. The adhesion failure between Cu and Ni layers on the p-type 

fingers indicated that the Ni/Cu interface may have been impacted by the formation of a Ni 

oxide during the process (e.g., during rinsing after Ni plating), however it was difficult to 

confirm this because an oxide may also form during a measurement process. 
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Figure 5-16.  One-step Ni plating (i.e., Group A1) showing: (a) complete removal of the Ni layer for n-type 

laser-doped grooves; and (b) retention of the Ni layer after adhesion testing of a p-type laser-doped 

groove. 

For the cells from Group A2 (see Figure 5-17), adhesion failure mainly occurred at the Ni/Si 

interface for n-type surfaces, while dislodgement failure for the p-type fingers being more 

likely to occur at the Ni/Cu interface. This indicates that the adhesion of the Ni to Si was 

improved by the two-step Ni-plating method. It was also noted that in the n-type laser-doped 

grooves, the Si surface was changed from smooth and uniform to a rough surface with visible 

residues [see Figure 5-17(a)]. This may be due to Ni-Si alloy formation at the Si interface, 

however no traces of NiSi formation were able to be detected using either TEM/EDS imaging 

or Raman spectroscopy.  
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Figure 5-17. Optical microscope images of fingers after stylus testing for cells plated using two-step Ni 

plating for: (a) LIP fingers; and (b) FIP fingers. For (b) Ni remains adherent in the exposed grooves, 

indicating that the failure occurred at the Ni/Cu interface.   

It can be concluded from this experiment that the two-step Ni plating process results in 

significantly higher finger adhesion than the single-step Ni plating process for laser-doped 

fingers. Furthermore, the adhesive properties of the p-type laser-doped fingers are distinctly 

different from those of the n-type fingers, with normalised FD values being twice those 

measured for the n-type fingers and different interfaces failing on stylus impact (i.e., the 

Ni/Cu interface failing in some places before the Si/Ni interface). The reason for the 

increased FD with the two-step process may be the removal of unreacted Ni and the 

roughening of the surface during the etching and replating process. Mondon et al. attributed 

the increased adhesion to NiSix formation and void elimination during this two-step plating 

process [256]. They reported cross-sectional SEM images showing that both NiSix and voids 

are formed at the Si interface and suggested that the void formation was due to the 

unbalanced inter-diffusion of Ni and Si during annealing and defects in the Ni. They showed 

that no voids existed before the annealing process, which suggests that the void formation 

occurred during annealing. In the presence of these voids, the adhesion between Ni and Si 

was poor, however etching the unreacted Ni and replating the Ni on the formed NiSix was 

shown to remove the voids and increase the Ni adhesion to the Si such that busbar pull forces 

of up to 1 N/mm were possible. However, in this study, although the two-step Ni plating 

process resulted in increased FD values, the plated metal adhesion for the Group A2 cells was 

not increased sufficiently to enable busbar pull testing of interconnected ribbon soldered to 

the busbars.  
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The larger FD measured for the p-type fingers may be due to a number of factors, which 

include: (i) increased surface roughness due to the slower laser-doping speed used for the p-

type grooves; (ii) wider fingers (though this is expected to be accounted for by normalising 

FD with the width of the laser-doped opening); and (iii) slower regrowth of the native oxide 

after deglazing [256, 352]. 

This study also raises questions about the validity of directly comparing FD values when 

different interfaces in a plated metal stack fail. Strictly, just as cut-off forces cannot be 

directly compared to dislodgement forces, the force required to dislodge Ni from Si is not 

directly comparable to that required to separate the Ni/Cu phases of the stack. Consequently 

it is necessary to always check which interface is failing in both busbar pull force tests and 

stylus-based adhesion tests. 

5.3.3.2 Laser-Ablated Cells (Group B) 

Figure 5-18(a) and Figure 5-18(b) show busbar regions where the SiNx was ablated using the 

UV ns laser (Group B1) and UV ps laser (Group B2). Nanosecond laser pulses result in 

radiation, convection, vaporisation and melting in the Si, [173, 353, 354] and when they are 

used to ablate SiNx from alkaline-textured surfaces, it is very common to observe a “ball” of  

Si exposed at the pyramid tips (see also Figure 5-19). This ball is believed to form as a result 

of the ns pulsed energy absorption being intensified at the pyramid tips and the resulting 

molten Si inflating due to the pressure of the evaporating Si [355]. The sides of the textured 

pyramids, however, remain relatively smooth in terms of nanoscale surface features.  

Picosecond and femtosecond laser pulses can lead to a process called “cold ablation”, where 

multiple photon absorption causes electrons to be stripped and pushed from the surface at 

high speed into a plasma cloud. The resulting coulombic attraction between the negatively-

charged plasma and the positively-charged ions at the surface causes the surface material 

(e.g., SiNx) to be removed or ablated from the surface [356]. This is an adiabatic process and 

does not significantly heat the substrate and hence little or no Si melting occurs. Ablation of 

SiNx from a Si surface using a UV ps laser may not be a purely cold ablation process. The 

dielectric layer can also be removed by a process called “spallation”, which involves the 

absorption of energy in a thin surface layer, creating a shock wave that can lift off material on 

the surface (e.g., a dielectric layer) [357, 358]. The relative contributions of cold ablation and 
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spallation depend on the wavelength of the laser, with cold ablation becoming the more 

dominant process with shorter wavelength lasers.  

After ps UV ablation of SiNx, the Si surface is considerably rougher in terms of nanoscale 

features than after ns laser ablation, with an interference pattern being evident on the surface 

[see Figure 5-18 (b)]. These patterns may arise due to hydrodynamic instabilities in the 

surface melt layer [189]. There is also an absence of the ball-like protrusions at the pyramid 

tips, suggesting that Si melting has been minimised. 

 

Figure 5-18 Alkaline-textured Si surface after SiNx ablation using: (a) a 248 nm ns laser with a fluence of 

~1.2 J cm
-2

; and (b) a 266 nm ps laser with a fluence of 0.265 J cm
-2

. 

 

Figure 5-19 An atomic force microscope profile of an alkaline-textured surface where the SiNx has been 

ablated using a 248 nm ns laser. Two cross-sections through pyramids are shown on the right illustrating 

“ball-like” protrusions from the pyramid tips due to molten Si flow during ablation. 

The  normalised FD was 25  22 N/mm and 148  61 and for cells ablated using the 248 ns 

nm (Group B1) and 266 nm ps laser (Group B2), respectively (see Figure 5-20). Figure 5-21 
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shows sample cell surface regions after plated fingers had been dislodged. A two-sample t-

test was used to determine whether the difference in FD between Group B1 and Group B2 

was significant. The results show that at the 0.05 significance level, the mean FD of Groups 

B1 and B2 were significantly different for the cases of assumed equal variance and non-equal 

variance. Although the distributions of FD in Figure 5-20 are not strictly Gaussian, the t-test 

is robust to non-normality especially in the limit of large samples numbers [359]. Therefore, 

it can be concluded that the 266 nm ps laser-ablated cell (Group B2) has a higher FD than the 

ns laser-ablated cells (Group B1).  

When the 248 nm ns laser was used for SiNx ablation, the adhesion failure occurred between 

Si and Ni in 100% of the cases, indicating poor interfacial adhesion. However, when the SiNx 

was ablated using the ps laser, fragments of Si were removed with the fingers in places, 

indicating regions of very strong adhesion of Ni to Si, especially considering that the ablated 

regions were only 13 m wide. The greater interfacial adhesion resulting from ps laser 

ablation was also evident in the busbar pull test forces [see Figure 5-20 (b)], with an average 

pull force of 2.1 N/mm being recorded for cells where the SiNx had been ablated using the 

266 nm ps laser. 

 

Figure 5-20. (a) Measured finger FD values; and (b) 180º busbar pull test force for cells where the SiNx 

ARC was ablated using the 248 nm ns laser or the 266 nm ps laser and Cu-plated at the recommended 

rate (the laser fluence was as reported for Figure 5-18). 
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Figure 5-21. Cell surfaces after finger dislodgement: (a) a non-damaged Si surface after using the 248 nm 

ns laser to ablate the SiNx (Group B1); and (b) showing fragments of Si removed when using the 266 nm 

ps laser for SiNx ablation (Group B2). 

5.3.4 Conclusions 

In this section, stylus-based finger adhesion measurements were used to evaluate the 

adhesion of Cu-plated fingers to both the p-type and n-type laser doped grooves of the 

bifacial cells used for the experiments in Chapter 3. It was shown that a two-step plating 

process, in which unreacted Ni is etched after the Ni annealing step and the surface is re-

plated with a thin layer of Ni before Cu plating, results in larger FD values than the one-step 

Ni plating process. This result is consistent with the findings of Mondon et al. [256], who 

attributed the improved plated metal adhesion to the formation of a NiSix and removal of 

voids, which is achieved by two-step plating. The function of the first Ni plating and 

annealing step is to form the NiSix. However, due to the non-uniform diffusion and defects in 

plated Ni crystal, voids occur after annealing. By etching back the plated Ni and re-plating, 

these voids can be eliminated, making possible significantly increased pull strength of up to 1 

N/mm, at least for the study performed by Mondon et al. [256].  

Larger FD values were measured for the p-type laser-doped fingers compared to the n-type 

fingers. This increased adhesion may be due to annealing or surface roughness, but further 

experiments would be required to confirm this. Examination of the origins of the adhesion 

failure showed that the stylus impact caused failure of the Ni/Cu interface rather than the 

Ni/Si interface for many of the p-type fingers. This finding highlights the importance of 

checking where adhesion fails on stylus impact before direct measurements of stylus peak 

force are directly compared. 
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This study also demonstrated that larger FD values can result by forming contact regions for 

metal plating using a UV laser to ablate the SiNx from the Si surface with minimal melting or 

doping of the underlying Si. Use of a ns laser results in smooth pyramid surfaces with some 

extrusion of molten Si being evident at the pyramid tips. Less Si melting is evident with the 

use of ps laser ablation due to the shorter laser pulses, and after ablation of the SiNx, the Si 

surface is covered with nanoscale ripples. This nanostructuring may contribute to the 

significantly greater normalised FD values that were measured from the ps laser-ablated Si 

surfaces of 148  61 N/mm, compared to the values of 25  22 N/mm obtained for the UV ns 

laser-ablated surface. Both the ps- and ns- laser ablated cells were annealed after the plating 

of Ni/Cu and Ag, permitting all the wet processing steps to be completed before drying and 

annealing. The ps-laser ablated FD values were significantly greater than those measured for 

the laser-doped bifacial cells (i.e., 24.3  5.4 and 12.6  3.7 for the p-type and n-type laser-

doped grooves, respectively) when using the two-step Ni plating process. 

The significantly increased interfacial adhesion enabled by the use of UV ps laser ablation for 

contact formation permitted the plated cells to be interconnected by soldering, an 

achievement not possible for any of the laser-doped cells. An average 180-degree busbar pull 

force of 2.1 N/mm was measured for Ni/Cu/Ag plated cells where the SiNx ARC was ablated 

using a UV ps laser. This force is comparable to values routinely measured for three-busbar 

screen-printed cells [331, 332].  

5.4 Effect of Plating Rate on Adhesion 

5.4.1 Introduction 

Although ps laser ablation has been demonstrated by several groups to enable sufficiently 

adherent Cu plated metallisation that allows cells to be interconnected by soldering [38, 40, 

41, 76, 78, 360], the problem of finger peeling is not frequently discussed or reported. Finger 

peeling (see Figure 5-22), which can occur even though the pull strength of busbars is 

relatively high, is a critical issue that affects module reliability and yield [150]. Fingers may 

not peel immediately after plating, but may lift off the Si sometime after plating (e.g., while 

cells are stacked and waiting for interconnection) or perhaps also once the cells are 

encapsulated in a module. If the peeling occurs at the finger tips, the electrical impact of the 
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defect may be minimal, but modules will still fail for aesthetic reasons, thereby reducing 

module yield. 

This section reports on experiments which were designed to investigate the contribution of 

plating rate to finger adhesion. Control of plating rate can be challenging with LIP. Although 

use of a bias current can address variability in plating rate due to a variable light-induced 

current, in cells with busbars and fingers, non-uniform plating can still occur due to the 

different opened areas in the grid. This issue is discussed in more detail in Section 5.5. 

Plating rate can influence the material properties of plated metal. For example, stress can 

build up in plated metal depending on the rate at which metal is deposited, resulting in 

peeling or poor adhesion [338, 361-365]. If the fingers plate faster than the busbars, the 

extent of introduced stress will be different in each of the fingers and busbars. If the busbars 

plate slower, there may be very little stress evolved in the busbar regions and strong busbar 

adhesion may result. However, if the fingers plate faster, larger amounts of stress can be 

expected to be introduced into the plated metal, resulting in poorer finger adhesion and 

peeling. Consequently, it was proposed that for a reliable metallisation process, it is necessary 

to monitor both busbar and finger adhesion.   

In the experiments reported in this section, finger adhesion was measured using the stylus-

based tester for different plating rates. The study focused on Cu plating rates, as for typical 

plating conditions, the Ni thickness is typically < 1 m, which is a small fraction of a total 

finger height of ~ 10 m. Nano-indentation measurements were used to correlate plating rate 

with plated metal properties (e.g., hardness and Young’s modulus), to further understand how 

the plating rate may affect the propensity of plated metal fingers to peel. The experiments all 

used short pulse laser ablation to form the contact regions, since this contact formation 

method was demonstrated in the previous section to result in adherent busbars as evidenced 

by strong busbar pull forces. 
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Figure 5-22. Example cell showing the case of fingers peeling and curving upward at the cell edges after 

plating and annealing.  

5.4.2 Experimental 

All experiments used P-diffused 1-3 Ω cm B-doped alkaline-textured monocrystalline Cz Si 

wafers to achieve an emitter having a sheet resistance of 120 Ω/□, a surface concentration of 

4 × 10
19

 cm
-3

 and a junction depth of 0.4 m. The illuminated surfaces of the wafers were 

coated with 75 nm of SiNx deposited by direct PECVD, and the rear surfaces were screen-

printed with Al and fired to form an Al-doped p+ layer and a rear electrode.  

Laser ablation of the SiNx to form openings for plated metal grids was performed using a 

Lumera SuperRapid 266 nm ps laser (Coherent) integrated into a galvo/stage micromachining 

system with a laser fluence of 0.265 J/cm
2
. Three 1.5 mm wide busbars were ablated for all 

cells and fingers were spaced with a pitch of 1.4 mm. A pinning line [366] was ablated 

around the perimeter of the cell. The width of the ablated fingers was ~ 12 um. The laser-

ablated cells were all plated using bias-assisted LIP with Ni (from a Barrett SN1 solution; 

MacDermid) at a current density of 20 mA/cm
2
, then Cu was plated using Helios Cu EP2 

[367] (from MacDermid) using the plating rates defined in Table 5-2. 

Wafers were divided into 3 groups, as shown in Table 5-2, and plated at different current 

densities with the same illumination conditions (250 W/m
2
 light intensity at the surface). The 

plating current densities used in this experiment for the slow, mid-range and fast plating rates 

were all within the recommended plating range for the Cu EP2 plating electrolyte. 
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Table 5-2. Cu plating rates used for the different experimental groups. 

Chemistry 
Recommended Plating Rate 

(mA/cm
2
) 

Plating Rate 

Label Current Density (mA/cm
2
) 

Helios Cu EP2 20 - 80 

Slow 20 

Mid-range 40 

Fast 80 

The nano-indentation measurements were performed using a NHT2 device nano-indenter 

with a diamond Berkovich tip from CSM Instruments. Nine independent measurements of 

Young’s modulus (E) were recorded for each plating condition at each of the labelled 

positions on the test structures shown in Figure 5-23. The values of E reported were 

calculated from the measurement of hardness (H) using the method described by Oliver & 

Pharr [368, 369] and a Poisson’s ratio (for Cu) of 0.3. The reason for using E rather than H 

for the analysis is that E is a measure of the stiffness of solid material while H is the relative 

resistance that a surface imposes to the penetration of a harder body. In the stylus finger 

adhesion test, the stylus typically deforms and dislodges the Cu fingers instead of penetrating 

the metal. Consequently, it was considered more relevant to use E.   

 

Figure 5-23. Grid pattern used for the nano-indentation measurements to determine the effect of plating 

rate on the finger metal properties. 

5.4.3 Results 

Figure 5-24 (a) shows the 180° busbar pull force of cells plated at different Cu plating rates. 

A pull force exceeding 2 N/mm was recorded along the entire busbar for cells plated with the 

different plating rates, with no significant difference in pull force being observable with the 

different plating rates. However, the finger adhesion measurements showed a very different 
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picture [see Figure 5-24 (b)], with very low normalized FD forces being measured for the cell 

where Cu was plated at the fast rate. The cells plated at the slow and mid-range plating rates 

resulted in an FD of 134-148 N/mm. However, the cells plated using the fast plating rate 

resulted in a low mean FD of 65 N/mm. The variance of the measurements was large for all 

plating rates, suggesting unacceptable variation in finger adhesion across the 156 mm cells 

even for the slower plating rates. However, the distribution of FD for the fast-plated cell was 

characterised by a large fraction of the finger impacts having an FD < 20 N/mm and a long 

tail extending to higher FD values. 

Whilst these large changes were occurring with the measured FD when fast plating was used, 

there was no significant difference in the 180° busbar pull force. Therefore, the increased 

propensity for fingers to peel with fast plating would not have been detected if only busbar 

pull forces had been used to monitor the metallisation process. It should be noted that even 

though UV ps laser ablation was used to ablate the finger regions, finger peeling with fast 

plating was still observed. 

It is proposed that a low FD results from either: (i) poor interfacial adhesion (e.g., as observed 

when a ns laser is used to ablate the SiNx, as reported in [370]); or (ii) loss of elasticity of the 

metal (high E), which limits the ability of the metal conductor to dissipate the energy 

introduced by the stylus impact away from the impact area. In the second case, if the impact 

energy cannot be readily dissipated, fingers will dislodge at a lower force. Either cause for a 

low FD is undesirable for reliable plated metallisation. If sharp wafer edges impact the plated 

fingers during packing of metallised cells, then non-elastic or stiff metal conductors will be 

more likely to dislodge and peel. Although low levels of finger peeling may not significantly 

affect the electrical performance of a module, they will have an aesthetic impact and 

therefore reduce yield.  
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Figure 5-24. (a) 180º busbar pull force for cells Cu-plated using a fast, mid-range, and slow plating rate 

using the Helios EP2 Cu plating formulation; and (b) normalised finger FD. All cells were ablated using 

the 266 nm ps laser and a fluence of 0.265 J/cm
2
 and annealed after Cu plating for 1 min at 350 ºC in N2. 

Finger peeling after plating is commonly attributed to stress evolving in the plated Cu [371]. 

Figure 5-25 shows how the stress from fast plating of Ni can cause a plated cathode sheet 

from a Hull test [372] to bend when the plating current density is too high (i.e., when the 

sheet is too close to the anode). If the evolved stress is considerable, it can be directly 

determined using measurements of deformation [373]. However, this typically requires the 

use of test structures and significant quantities of metal, which may not accurately reflect the 

situation that exists in narrow plated Cu fingers used for metal grids of solar cells. Stress can 

also be directly measured using X-ray diffraction using a range of inclination angles [374, 

375], but this approach requires long measurement times and averaging over many fingers to 

reduce the signal-to-noise ratio. Another method, which has been used by Song et al. [370] to 

monitor the evolution of stress during self-annealing, involves measuring the intensity of the 

(111) and (200) XRD peaks [376, 377].  
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Figure 5-25. Plated Ni layer bending the flat cathode sheet in a Hull cell test due to use of a high plating 

current density. 

Stress can evolve due to an increase in the stiffness or rigidity of the metal, so an alternative 

approach is to directly measure E. Changes in E may be evident before the results of 

excessive stress (i.e., finger peeling or deformation). Consequently, these measurements can 

be a more sensitive measure of potential metallisation problems. Figure 5-26 graphs E, 

obtained from nano-indentation measurements, at different grid locations of the test structures 

shown in Figure 5-23, where the Cu was plated at a slow, mid-range and fast plating rate. The 

measured value of E was 50-70 GPa and significantly less than expected for bulk Cu (dashed 

line in Figure 5-26) when slow and mid-range Cu plating rates were used. However, when a 

fast plating rate was used, the value of E and the variance of the measurements increased.  

Increased rigidity or stiffness can arise due to a number of reasons. First, in addition to the 

metal salt, plating electrolytes contain C-based additives [245, 246, 378, 379]. Carbon can be 

incorporated into the plated metal, and being a covalently bonded material, tends to increase 

the rigidity of metals [380]. Second, H formed during the plating process, can interact with 

impurities, causing increased metal stiffness and resulting in H embrittlement of plated metal 

in extreme cases [381]. Both C and H can become located in the interstitial sites of the Cu 

face-centred-cubic lattice of grains making the Cu less elastic [380]. Fast plating can result in 

a higher H evolution rate and increased incorporation of impurities between grains due to 

non-uniform grain sizes [381-383]. These factors can contribute to increased rigidity which is 

reflected in the higher values of E.  
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Figure 5-26. Young’s modulus measurements at different locations on the test structures shown in Figure 

5-23 (before annealing) which were ablated using a 266 nm ps laser and plated at a slow, mid-range and 

fast plating rate using Helios EP2 chemistry. The dashed line indicates the value of E expected for bulk 

Cu. 

Figure 5-27 shows that for ps laser-ablated fingers, a fast Cu plating rate results in more 

extensive finger peeling than if a mid-range or slow plating rate is used. As discussed earlier, 

if the Cu is more rigid (has a higher E), it is more difficult for the energy from impacts to be 

dissipated along a finger, and consequently, the impact energy imparted by the stylus must be 

dissipated at the site of impact. Because rigid conductors are more difficult to break, the 

proceeding stylus imparts a lateral force which causes the fingers to peel. Figure 5-27 (a) and 

(d) show that the finger peeling that results from ps laser-ablated fingers when Cu is plated at 

a fast rate can be as extensive as observed for ns laser-ablated openings, which are known to 

result in weaker interfacial adhesion [370].  
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Figure 5-27. Peel widths of fingers ablated and plated using: (a) a ps UV laser and a fast Cu plating rate,; 

(b) a ps UV laser and the recommended Cu plating rate; (c) a ps UV laser and a slow plating rate; and (d) 

a ns UV laser and a recommended plating rate. 

5.4.4 Conclusions 

In conclusion, although acceptable busbar pull forces were measured when fast plating of ps 

laser-ablated fingers was used, low FD values were measured for the fingers and they peeled 

more extensively than when a slow plating rate was used. Fast plating was shown to result in 

metal fingers with a higher rigidity or stiffness (characterised by high values of E). It was 

proposed that this increased rigidity makes it more difficult to dissipate energy from the 

stylus’ impact, leading to lower FD values and increased finger peeling. Also, the stress build-

up in the fingers is larger for fast plating rates, which increases the chance of finger peeling, 

especially at the edge of the wafer where the deposition rate is faster. Although the stylus is 

an introduced artificial impact, it does simulate ways in which external forces may be applied 

to plated cells (e.g., contact with sharp wafer edges during cell stacking and sorting) which 

consequently may reflect some of the causes of finger peeling in a manufacturing 

environment. 
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5.5 Effects of Chemistry and Pattern Geometry 

5.5.1 Introduction 

Plated metal properties, and hence finger adhesion, can also be affected by the chemistry of 

plating electrolytes and the patterning structures. This section discusses experiments in which 

finger adhesion and nano-indentation measurements were used to investigate the impact of 

using different Cu plating electrolytes on finger adhesion. The experiments compared nitrate-

based and sulphate-based Cu plating electrolytes. Although most Cu electroplating uses 

CuSO4 chemistry, nitrate-based chemistry may result in less defects being introduced into the 

plated Cu crystal and thereby less induced stress [384].  

Song et al. reported that that Cu-plated fingers can self-anneal after plating if not immediately 

annealed after plating [384, 385]. During this process, the Cu grains grow in size in order to 

minimise energy due to the incorporation of defects during the electrodeposition of the Cu. 

They showed that fingers plated using a CuSO4 electrolyte self-annealed at a faster rate than 

fingers plated using a Cu(NO3)2 electrolyte and concluded that this was due to the increased 

number of defects introduced into the plated Cu [384]. Use of different counter-ions can 

result in different competing reactions (e.g., H evolution) and also the incorporation of 

different impurities in the plated metal. Both of these factors can result in the as-plated metal 

fingers having different properties. Also, because the effects of the different chemistries may 

also be influenced by plating rate, the effects of chemistry may affect the fingers and busbars 

differently.   

As mentioned in Section 3.4, grid geometry can change the current density distribution at the 

opened areas of the grid. This factor was investigated further in order to understand the 

impact of changes in grid geometry on plated grid reliability. This is of particular interest 

with the current trend of having an increased number of busbars on cells. 

5.5.2 Experimental 

Experiments were performed using 23 × 23 mm test structures for improved accuracy and 

consistency of processing. All test structures were fabricated from 156 mm 1-3 Ω cm B-

doped alkaline-textured monocrystalline Cz wafers diffused with P to achieve an emitter 

having a sheet resistance of 120 Ω/□, a surface concentration of 4 × 10
19

 cm
-3

 and a junction 
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depth of 0.4 m. The illuminated surfaces of the wafers were coated with 75 nm of SiNx 

deposited by direct PECVD and the rear surfaces were screen-printed with Al and fired to 

form an Al-doped p+ layer and a rear electrode. The wafers were then cleaved to form the 

smaller asymmetric test structures (see Figure 5-28). Laser ablation of the SiNx was used to 

form openings for plated metal grids using a Lumera SuperRapid 266 nm ps laser (Coherent) 

integrated into a galvo/stage micromachining system with a laser fluence of 0.265 J/cm
2
.  

 

Figure 5-28. Grid pattern used for the Cu plating and nano-indentation measurements. 

The laser-ablated cells were all plated using bias-assisted LIP of Ni (from a Barrett SN1 

solution; MacDermid) using a current density of 20 mA/cm
2
. Cu was then plated using either 

Helios Cu EP2 [367] (from MacDermid) or  CuSO4/H2SO4
 
(from Technic INC) as shown in 

Table 5-3. The cell structures were not annealed immediately after plating unless specified 

otherwise. The metal properties were determined by using nano-indentation measurements, as 

described in section 5.4.  
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Table 5-3. Cu plating electrolytes and plating rates used for the plating chemistry and grid geometry 

experiments. 

Chemistry 
Recommended Plating Rate 

 (mA/cm
2
) 

Plating Rate 

Label Current Density (mA/cm
2
) 

Helios Cu EP2 20 - 80 

Mid-range 40 

Fast 80 

CuSO4/H2SO4
1
 20 - 80 

Mid-range 40 

Fast 80 

5.5.3 Results 

Figure 5-29 shows the value of E measured for test structures plated with the nitrate-based 

chemistry (i.e., EP2) and sulphate-based chemistry at two different plating rates. Two factors 

were observed in this comparison group showing the effect of plating rate and plating 

chemistry on the value of E of plated fingers. First, a higher plating rate resulted in a larger 

value of E. As explained by Song et al.[384], with a low plating rate (e.g., 20 mA/cm
2
), the 

plated Cu forms a fine granular Cu microstructure after plating and then self-anneals over a 

period of up to 25 days resulting in gradually increased grain sizes. However, with a higher 

plating rate (e.g., 40 mA/cm
2
), the self-annealing occurs much faster, taking only 2 days to 

complete. Song et al. concluded that tensile stress increases with grain growth and if the 

stress exceeds a critical value, degradation of the dominant as-plated (100) Cu texture can 

occur. Therefore, a higher plating rate will lead to increasingly fast self-annealing, resulting 

in increased tensile stress, which may also result in the likelihood of fingers dislodging from 

the Si surface. In this experiment, although measuring E was not a direct method for 

measuring tensile stress, the measurements showed a very similar trend to the self-annealing 

process. Secondly, significantly higher and more variable values of E were measured for the 

test structures plated using a CuSO4 electrolyte compared to the Cu(NO3)2 electrolyte. Use of 

the Helios Cu EP2 chemistry has been reported to reduce H2 evolution during Cu plating 

because the nitrate ion is reduced before H+ at high plating current densities [386] due to the 

larger standard electrode potential of the nitrate ion. Consequently, Yakobsen et al. proposed 

that H evolution can be effectively reduced at the cathode to a larger extent when using a Cu 

(NO3)2 electrolyte compared to using a CuSO4 electrolyte. This may contribute to reduced H 

incorporation in the plated Cu and lower values of E with the Cu(NO3)2 chemistry. 
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Furthermore, the recrystallisation (i.e., grain growth) was considerably faster for fingers 

plated using the CuSO4 electrolyte than observed for fingers plated at the same current 

density in the Cu(NO3)2 electrolyte. This suggests a higher defect density in the Cu 

immediately after plating using the CuSO4 electrolyte, with the higher defect density 

providing a higher driving force for Cu self-annealing.  

 

Figure 5-29. Young’s modulus measurements for test structures plated with a Cu(NO3)2 electrolyte  (EP2) 

and a CuSO4 electrolyte. The nano-indentation measurements were performed midway between the 

busbar and the pinning line (see Figure 5-28). 

Figure 5-30 shows the measured E for test structures plated at a mid-range and fast plating 

rate using a CuSO4 electrolyte. Another factor that may contribute to the higher E with the 

CuSO4 chemistry is the incorporation of S into the plated metal. Sulphur impurities can affect 

the nucleation of new grains during Cu deposition [380] and therefore may also result in 

further increased E. However, most studies only consider the S that is introduced through use 

of additives and not from the sulphate anion of the electrolyte. 



170 
 

 

Figure 5-30. Young’s modulus measurements at different locations on the test structures shown in Figure 

5-28 (before annealing) which were ablated using a 266 nm ps laser and plated at a mid-range and fast 

plating rate using CuSO4 chemistry. 

The increased variance observed with fast plating for both chemistries may be a direct 

consequence of variations in the plating rate at different regions of the test structures. 

Alternatively, it may result if impurities are incorporated in the plated metal differently across 

the test structure. Figure 5-31 suggests that for the Cu(NO3)2 chemistry, grid geometry does 

not significantly affect the rigidity of the plated metal before annealing. However, a trend 

toward lower E closer to the busbar was observed when the Cu was plated from a CuSO4 

electrolyte. The lower E in the busbar regions can be attributed to a lower plating rate in these 

regions than experienced by the fingers. Busbars have a larger opening area fraction than 

fingers (see Figure 5-32), and consequently, use of a uniform bias current results in a lower 

plating rate in these regions. Adding to this non-uniformity is the fact that the presence of a 

plated Ni seed layer means that there is very little light-induced current driving the plating at 

the busbars due to shading. In the test structures plated at a fast rate with CuSO4 chemistry, 

the different plating rate resulted in the height of the plated busbars and fingers being 7 and 

15 um, respectively. Although thick plated busbars are not necessary for solder-

interconnected cells, a plating process must ensure that the height of the fingers immediately 

adjacent to the busbars is not reduced such that current delivery to the busbars is impacted 

[36]. 
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Figure 5-31. Young’s modulus measured for fingers plated using: (a) Cu(NO3)2 (i.e., EP2); and (b) CuSO4 

chemistry, at different positions along a finger (see Figure 5-28). 

 

Figure 5-32. Schematic showing how different opening areas can affect the local plating rate when a 

uniform bias current is used during plating. 

5.5.4 Conclusions 

In this section, it was shown that Cu fingers plated using a Cu(NO3)2 electrolyte are less rigid 

(i.e., lower E) than fingers plated using the same plating rate using a CuSO4 electrolyte. This 

difference in finger properties may arise due to reduced impurity incorporation when using 

the Cu(NO3)2 electrolyte. The nano-indentation measurements of E are consistent with the 

findings of Song et al. who showed that: (i) fingers plated with a Cu(NO3)2 electrolyte self-

annealed slower than those plated with a CuSO4 electrolyte due to fewer incorporated 

impurities; and (ii) faster self-annealing can introduce more stress in plated fingers as 

indicated by a degradation of the initial (100) grain texture in favour of more (111) texture 

[384]. This suggests that use of a plating electrolyte that can minimise impurity incorporation 

is important for metal finger elasticity and may directly impact the likelihood of finger 

peeling after plating. 
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It was also shown that grid geometry can affect the finger metal properties. The difference in 

opening area for busbars and fingers can result in a lower plating rate at busbars than at 

fingers due to the non-uniformly distributed plating current. Faster plating at fingers distant 

from busbars can result in higher values of E than closer to the busbar, making finger ends 

more likely to dislodge and peel. Use of thinner busbars and pinning lines at the edge of 

wafer may reduce the likelihood of very fast plating rates at fingers distant from the busbar 

and consequent finger peeling. The trend towards an increased number of busbars on the cell 

is expected to minimise non-uniformities of plating rate as the distance to an adjacent busbar 

is reduced for all fingers and busbars are thinner for achievement of similar shading fractions 

used for three-busbar cells. 

5.6 Effect of Annealing  

5.6.1 Introduction 

It is often found that RTA after plating results in finger peeling, especially at the edge of the 

laser doped metal plated cells and laser ablated cells. However, annealing after Ni plating has 

been reported to improve adhesion (see Section 5.3.3). These observations appear 

contradictory, as it would be expected that RTA after plating should increase interfacial 

adhesion. However, if annealing is performed after Cu plating, the situation is more complex 

as differences in the thermal expansion coefficients of Si and Cu must also be considered in 

addition to changes at the Si-Ni interface. Therefore, in this section, experiments which 

investigated the role of annealing and plating rate on interfacial adhesion are reported.     

5.6.2 Experimental 

Experiments used 156 mm P-diffused 1-3 Ω cm boron-doped alkaline-textured 

monocrystalline Cz wafers to achieve an emitter having a sheet resistance of 120 Ω/□, a 

surface concentration of 4 × 10
19

 cm
-3

 and a junction depth of 0.4 um. The illuminated 

surfaces of the wafers were coated with 75 nm of SiNx deposited by direct PECVD, and the 

rear surfaces were screen-printed with Al and fired to form an Al-doped p+ layer and a rear 

electrode. Some of the 156 mm wafers were cleaved to test structures for nano-indentation 

measurements (see Figure 5-33).  
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All laser ablation of the SiNx to form openings for plated metal grids was performed using a 

Lumera SuperRapid 266 nm ps laser (Coherent) integrated into a galvo/stage micromachining 

system with a laser fluence of 0.265 J/cm
2
. The laser ablation pattern for the 156 mm cells 

was the same as described in Section 5.4. 

 

Figure 5-33. Grid patterns used for the nano-indentation measurements for the investigation into post-

plating annealing. 

The laser-ablated cells were all plated using bias-assisted LIP of Ni (from a Barrett SN1 

solution; MacDermid) and Cu was then plated using Helios Cu EP2 [367]; MacDermid and  

CuSO4/H2SO4 from Technic INC (see Table 5-4) in 3 groups. The metal properties (i.e., value 

of E) were determined by using a nano-indenter as described in Section 5.4.2.  

Table 5-4. Cu plating electrolytes and plating rates used for experiments. 

Chemistry 
Recommended Plating Rate 

 (mA/cm
2
) 

Plating Rate 

Label Current Density (mA/cm
2
) 

Helios Cu EP2 20 - 80 

Mid-range 40 

Fast 80 

CuSO4/H2SO 20 - 80 Mid-range 40 

5.6.3 Results 

Although analysis of metal properties before annealing can be used to understand how plating 

chemistry and grid geometry can affect the properties of the metal fingers, cells are typically 
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annealed before interconnection and stylus-based adhesion testing. Consequently, FD and 

nano-indentation measurements were also performed after annealing in an RTP at 350 °C in 

N2 for 1 min. Figure 5-34 shows frequency histograms of the measured FD from 156 mm 

cells plated using the Helios EP2 electrolyte at a mid-range rate [see Figure 5-34(a)] and a 

fast rate [see Figure 5-34(b)]. The value of FD increased from 100 ± 56 N/mm to 148 ± 61 

N/mm after annealing for cells plated at the mid-range plating rate. However, when Cu was 

plated at the fast rate, the FD remained low after annealing.  

Rapid thermal annealing can introduce stress in thin metal fingers due to the mismatch in the 

thermal expansion coefficients of the plated metal and Si. Since the Ni layer is very thin, the 

introduced elastic strain, ε, can be considered to occur due to mismatches in the thermal 

expansion coefficients between Cu (αCu = 16.6 um/mK [387]) and Si (αSi = 3.0 um/mK [388]) 

and is given by: 

                                                                                     

where TRT and Tanneal represent room temperature and the peak annealing temperature (in K), 

respectively. For a cooling Cu finger on Si, the elastic accommodation strain will be positive 

and therefore tensile stress will be introduced [389]. Copper grain growth or densification 

also occurs on thermal annealing [370, 377] (see Figure 5-35). Therefore, different plating 

rates result in different as-plated grain sizes, while after annealing, Cu grains all become 

larger and similarly sized. The elimination of grain boundaries and merging of small grains, 

which largely occurs during the heating phase, also generates tensile stress [377]. Since the 

kinetics and extent of Cu self-annealing can depend on the nature of impurities incorporated 

at the grain boundaries [384], it is reasonable to assume that a similar dependence may exist 

for thermal annealing. 
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Figure 5-34. Frequency histograms of FD measurements for cells where the SiNx was ablated using a 266 

nm ps laser and the Cu was plated using a Helios EP2 electrolyte at: (a) a mid-range plating rate; and (b) 

a fast rate, before and after annealing at 350 °C for 1 min in N2. 
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Figure 5-35. Cross-sectional images of Helios EP2 electrolyte plated Cu grain changes before annealing 

for (a) slow plating; (c) mid-range plating; and (e) fast plating; and after annealing for: (b) slow plating; 

(d) mid-range plating; and (f) fast plating.  

Figure 5-36 shows the nano-indentation measurements of E before and after annealing for 

test structures plated using the Helios EP2 electrolyte [Figure 5-36(a)] and the CuSO4 

electrolyte [Figure 5-36(b)]. The value of E only increased for measurements in the middle of 

the finger when the Helios EP2 electrolyte was used; but was increased for all regions when 

the grid was plated using a CuSO4 electrolyte. It should be noted that the nano-identation 

measurements were performed several weeks after plating and so some densification would 

have already occurred through self-annealing [370, 377]. It would be ideal to be able to 
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perform the nano-indentation measurement immediately after plating to monitor the evolution 

of E as densification proceeds, as reported by Song et al. [370], for grain growth monitoring. 

The significant difference in the measurements for the two chemistries highlights the role of 

impurities in the plated fingers’ response to annealing. The low value of E obtained after 

annealing test structures are plated using the Helios EP2 electrolyte [see Figure 5-36 (a)] may 

be advantageous for soldered cell interconnection as the “softer” Cu may help dissipate the 

thermal stress that is incurred during the soldering process.  

 

Figure 5-36. (a) Young’s modulus measurements at fingers on test structures which were ablated using a 

266 nm ps laser and plated at the mid-range rate using Helios EP2 chemistry; and (b) the CuSO4 

chemistry, before and after RTP Annealing at 350 °C for 1min in N2. 

5.6.4 Conclusions 

Rapid thermal annealing after plating results in changes in the physical properties of the 

plated metal fingers. These changes, which can arise from stress introduced through the 

thermal mismatch between Cu and Si and impurity-driven densification, are dependent on the 

plating rate and electrolyte and can impact the value of FD measured. It was shown that when 

a mid-range plating rate was used for the Cu(NO3)2 plating electrolyte, RTA after plating 

increased the average FD from 100 ± 56 N/mm to 148 ± 61 N/mm. However, if a fast plating 

rate was used for the same chemistry, the value of FD remained low (i.e., there was no 

significant improvement).  

At the same time, with an RTA, the thermal mismatch in the plated Cu and the Si wafer can 

induce a force that can detach the plated metal. Fast-plated fingers are stiffer (i.e., higher 

value of E) and therefore less able to stretch and dissipate the force. This can lead to finger 
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peeling after annealing and low FD values after annealing. Furthermore, it was also found in 

these experiments that the value of E always increased after annealing when a CuSO4 

electrolyte was used. However, when a Cu(NO3)2 electrolyte was used to plate the Cu, E only 

increased in the middle of the fingers, with decreased values of E being observed at the 

busbars and pinning lines. The resulting ‘softer’ fingers are more able to accommodate forces 

introduced by lateral impacts, which is consistent with larger FD values and less peeling after 

impacts. Softer” Cu busbars may also help dissipate thermal stresses that are introduced 

during the soldering process.  

5.7 Conclusions  

In this chapter, it was demonstrated that finger adhesion can be quantitatively assessed using 

a stylus-based metallisation testing method that measures the force required to dislodge 

fingers. Provided that the failure mode that occurs on stylus impact is the same, 

measurements of FD can be used as a measure of plated finger adhesion, to compare between 

different plating processes and complement the previously-used busbar pull forces to assess 

the reliability of plated metal grids. 

It was shown that use of a two-step Ni plating process can significantly increase the average 

value of FD for laser-doped contact openings, and that larger FD values result from the fingers 

plated to the p-type openings of bifacial laser-doped cells than those plated to the n-type 

openings. However, in all cases the adhesion of the plated metal to the laser-doped contact 

openings was too poor to permit soldering of interconnection wire and measurement of pull 

forces. For this reason, attention was turned to the use of laser ablation to form the contact 

openings. 

Use of a ps UV laser to ablate the SiNx was shown to increase the value of FD to values of 

148  61 N/mm, which was significantly greater than values of 25  22 and 24.3  5.4 for ns 

UV laser ablated contact openings and the best laser-doped contacts (i.e., p-type grooves 

plated using the two-step Ni process), respectively. The large improvement in plated contact 

adhesion was attributed to the nanoscale roughness of the Si surface after ablation of the 

SiNx. Although the plated metal adhesion achieved using ps UV laser ablation was sufficient 

to allow soldered interconnection and busbar pull forces exceeding 1 N/mm, the large 
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variance of the FD values remains a concern for the reliability of plated metallisation and will 

need to be investigated further in the future. 

Currently most Si PV manufacturers rely solely on busbar pull forces for metallisation 

adhesion measurements. However it was shown that, with plated metal grids, busbar pull 

forces can exceed 1 N/mm but low FD values and finger peeling can result. This situation can 

arise because the geometry of the metal grid can result in much faster plating rates occurring 

at fingers than at the busbars due to different opened areas.  Fast plating was shown to result 

in metal fingers with a higher rigidity or stiffness (through nanoindentation measurements of 

E) and it was proposed that this increased rigidity makes it more difficult to dissipate energy 

from the stylus’ impact, leading to lower FD and increased finger peeling. Although the stylus 

is an introduced artificial impact, it does simulate ways in which external forces may be 

applied to plated cells (e.g., contact with sharp wafer edges during cell stacking and sorting). 

This finding of low FD values whilst busbar pull forces remain above an acceptable lower 

limit has important ramifications for the introduction of metal plating for Si PV 

manufacturing and suggests that finger adhesion must also be monitored.  

Finger adhesion is also sensitive the Cu plating chemistry used. The introduction of 

impurities during Cu plating can drive a densification process which can introduce stress into 

the fingers resulting in reduced FD and finger peeling. It was shown that use of a Cu(NO3)2 

electrolyte results in plated fingers with lower rigidity (i.e., value of E from nanoindentation 

measurements) than result from the use of a CuSO4 chemistry. This was assumed to be due to 

different impurity incorporation during plating (e.g., fewer impurities or impurities that do 

not introduce stress on grain growth). 

The nano-indentation measurements also confirmed that the plated metal properties varied 

depending on the geometry of the metal grid.  For most measurements, the plated Cu was 

more rigid in finger regions distant from a busbar and it was proposed that this may occur as 

a result of the faster Cu plating rate that is expected to occur at the fingers during bias-

assisted LIP compared to the busbar due to busbar’s larger shaded area during Cu plating.  

Annealing after plating can result in increased FD values provided that the Cu plating rate is 

well controlled. If the Cu is plated at a fast rate, then the value of E can increase with 

annealing, the value of FD remains low and finger peeling can occur, especially in regions 

that are distant from busbars and when CuSO4 chemistries are used. The low value of E 



180 
 

obtained after annealing test structures plated using the Cu(NO3)2 electrolyte may also be 

advantageous for soldered cell interconnection with the “softer” Cu-plated busbars assisting 

in the dissipation of thermal stress during soldering.  

Although busbar pull tests may be routinely used as the metric to assess metal grid adhesion 

for Si solar cells, this study highlights the risks in doing so, especially for plated 

metallisation. Reliable metallisation requires an understanding of the effects of grid 

geometry, plating chemistry and control of plating rate over a cell. Although it is generally 

known that plating rate and chemistry can affect the physical properties of electroplated 

metal, this study demonstrates that these changes in metal properties can be measured on 

completed cells and spatial variations over the surface of the cell can be identified thereby 

allowing process uniformity to be monitored. 

Finally returning to the initial motivation for this study, it was concluded that in order to 

improve the adhesion of the laser-doped bifacial cells such that cells could be interconnected 

by soldering it would be necessary to increase the surface roughness of laser doped surface. 

Since the laser-doping process that resulted in the least laser damage (i.e., highest efficiency 

potential) also resulted in the smoothest grooves, this remains a challenging goal and it is 

difficult to see how ins situ doping and surface roughness can be achieved in a single laser 

process. 
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CHAPTER 6                                                             

CONCLUSIONS AND FUTURE WORK 

6.1 Thesis Summary 

The aim of this thesis was to investigate industrially-feasible processes for contact formation 

and metal plating for p-type Si solar cells, and in particular, to further the understanding of 

the role of contact formation in fabricating reliable and adhesive plated metal contacts. The 

thesis was motivated by the need to reduce the metallisation cost of Si PV cells by using Cu 

as the main conductor instead of Ag without compromises in cell efficiency 

The thesis commenced in Chapter 3 with an investigation into the fabrication of bifacially-

plated laser-doped p-type Si solar cells. Although the previously-reported LIP process can be 

used to plate a Ni/Cu grid to the n-type surface of p-n junction Si solar cells, the new process 

of FIP was required to plate the Ni/Cu grid to the p-type surface. In FIP, the p-type surface is 

made cathodic by forward-biasing the p-n junction through the application of an electric field 

across the cell. This application of FIP to the direct plating of p-type Si (described in this 

thesis) is disclosed in the granted US Patent 9,269,851 and applies not only to plating of 

bifacial Si cells but also to the plating of B-doped emitters of n-type cells [78, 195, 390, 391]. 

In parallel to the work reported in this thesis, Papet et al. demonstrated the use of forward-

biasing of a heterojunction cell to achieve plating of a metal grid on the TCO surface adjacent 

to the p-type amorphous Si layers of heterojunction cells [192, 193].  

Bifacial laser-doped p-type cells having a maximum efficiency of 19.2% were plated with 

Ni/Cu using a combination of LIP and FIP implemented with single side immersion and a 

soft electrical contact for biasing. The soft contact developed through this thesis significantly 

reduced wafer breakage over the earlier plating arrangements described by Zhao [200].  

Although the ability to bifacially laser-dope and plate p-type cells with Ni and Cu presents a 

low-cost cell design with the potential for higher efficiency than screen-printed cells with an 

Al BSF due to being: (i) bifacially-passivated; and (ii) able to utilise an albedo factor through 

absorption of light from the rear surface, Chapter 3 identified two key problems. First, the 

creation of defects during the laser-doping process was shown to impact both the VOC and 

pFF of final devices (though the introduction of non-ideal recombination). Second, the plated 
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grid adhered weakly to the laser-doped Si. Not only did the poor adhesion preclude soldered 

interconnection of cells, the plated finger adhesion was also poor, especially when fast laser 

doping through an AlOx dielectric (in the absence of B source) was used to form the contact 

areas on the p-type surface of the cells. These two problems were investigated further in 

Chapter 4 and Chapter 5, respectively.  

Chapter 4 described the use of injection-dependent minority carrier lifetime analysis of the 

SRH recombination occurring in cells’ bulk after different processing steps using QSSPL and 

QSSPC measurements. The objective of this study was to understand the reason(s) 

underlying the low pFF of ~ 0.80 measured for the bifacial laser-doped cells fabricated and 

reported in Chapter 3. Analysis of bulk recombination was possible because the 

recombination at the cells’ surface was maintained at a low rate due to being coated with 

dielectrics which resulted in low J0s values. It was shown that B laser doping introduced 

additional recombination in cells, as indicated by the increased value of m (to as high as 1.5) 

in the injection range between the mpp and VOC. However, it was difficult to model the 

additional recombination by a single mid-gap SRH recombination centre, due to edge effects 

arising from the analysis of small cells and the non-symmetric passivation of the bifacial 

cells. It was also possible that multiple defects were introduced by the B laser doping process 

increasing the difficulty of the analysis. 

Since it was suspected that changes in the recombination state of the deep-level B-O defect 

occurred during annealing of the cells, additional experiments were performed on larger 

symmetrically-passivated wafers and used to estimate the n/p for the B-O defect using an Et 

value of EC - 0.41 eV and the eff (n) data measured from wafers in a pre-light soaked, light-

soaked and regenerated state. Values of 9.7  1.7 and 9.7  1.9 (similar to the value of 9.3 

reported by Rein et al. [272]) were obtained using QSSPL and QSSPC measurements, 

respectively, for wafers that were symmetrically-passivated with SiNx and rapidly annealed 

after deposition. This study confirmed that stable regeneration of eff was only achieved when 

wafers were passivated with SiNx and underwent a RTA after deposition. If wafers were not 

rapidly thermally annealed after SiNx deposition or passivated with a thermal oxide then the 

recovery of eff observed with regeneration was not stable during a second light soaking step. 

Although injection-dependent minority carrier lifetime analyses have been reported 

previously using QSSPC [272] and local ideality factors from QSSPL [275], this was the first 
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study that directly compared estimated recombination parameters (such as the n/p for an 

introduced defect) calculated using both methods. However, it was concluded that the 

inclusion of the low-injection QSSPL data in these injection-dependent minority carrier 

lifetime analyses may introduce inaccuracies arising from: (i) the conduction of excited 

carriers via the diffused emitter away from the measurement area; and (ii) biasing the fitting 

by the inclusion of contributions from recombination of other defects which are manifest in 

the low-injection data. This suggests that there is little advantage in using QSSPL over the 

more commonly-used QSSPC measurements for these SRH analyses, and in fact, such 

analyses may be best limited to the injection range at which the asymmetry of capture cross-

sections becomes evident. 

Chapter 5 reported on investigations into the poor finger adhesion observed for the bifacially-

plated laser-doped cells reported in Chapter 3. A key conclusion of this study was that surface 

roughness is one of the most important factors for plated metal adhesion to a Si surface. Use 

of UV ps laser ablation to form the contact regions can result in a nanoscale roughness that 

can enable average 180º busbar pull forces of > 2 N/mm and make possible soldered 

interconnection of cells. However, when contact openings were achieved using laser-doping 

(as used in Chapter 3 of this thesis) or using ns laser ablation, the busbar pull forces were too 

low to be measured.  

The peeling of plated fingers observed for the plated laser-doped bifacial cells motivated the 

adoption of stylus-based adhesion testing of plated cells. For most plated cells, stylus impact 

resulted in ‘dislodgement’ failure, with ‘cut-off’ only being detected with either very wide or 

highly-adherent fingers. It was shown that plated Ni/Cu/Ag fingers adhere significantly more 

strongly to contact openings formed using ps UV laser ablation than formed using ns UV 

laser ablation or laser doping, with the average FD for Ni/Cu/Ag plated fingers for ps- and ns-

ablated surfaces being measured to be 148 and 25 N/mm, respectively. 

Although busbar pull forces are routinely used in industry as a measure of contact adhesion, it 

was also shown that busbar adhesion is not always a good indicator of plated finger adhesion 

because, when plating a metal grid for a cell, different plating current densities can occur at 

the busbar and finger regions due to the different geometrical arrangements of fingers and 

busbars. For ps laser-ablated cells, use of fast plating did not impact the busbar pull forces but 
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the average FD was reduced from148 N/mm to 65 N/mm due to stress evolution arising from 

the faster plating at regions of the cell distant from the busbars.  

Experiments also employed nanoindentation measurements of E to analyse the effect of 

plating rate and electrolyte composition. When plating was performed at a rate corresponding 

to the middle of the recommended plating rate for the formulation, the values of E measured 

in fingers of test structures plated in a Cu(NO3)2 electrolyte were in the range of 50-90 GPa 

(Measured EBulk,Cu = 152 GPa) when a Cu(NO3)2 electrolyte was used and 55-225 GPa when 

a CuSO4 electrolyte was used. The greater rigidity of fingers plated using the CuSO4 

electrolyte, and variation in rigidity within and between different samples, presumably arises 

due to increased impurity incorporation. Increased finger rigidity increases the propensity of 

fingers to peel if impacted, reduces the FD and increases the likelihood of reduced adhesion 

after post-plated RTA. This result highlights the need to understand the role of chemistry for 

reliable plated metallisation. 

6.2 Original Contributions 

The original contributions of this thesis are summarised below. 

1. The use of FIP to plate Ni and Cu to p-type Si surfaces of bifacial laser-doped solar 

cells was demonstrated resulting in cells with efficiencies as high as 19.2%.  

o As mentioned above, the FIP plating process described in Chapter 3 of this thesis 

and in Ref [197] is disclosed in granted US Patent 9,269,851 and represents the 

culmination of three Undergraduate Thesis projects at UNSW [199-201].  

o Through-wafer FIP can be implemented using the same plating tool as used for 

LIP and 10 m of Cu can be plated within 10 min. 

2. This thesis identified that a key performance limiting issue for the bifacial laser-doped 

p-type cell structure was the p-type laser doping.  

o When laser doping using a B source, a low laser speed must be used to achieve 

ohmic contacts, however use of the low laser speed introduces damage in the bulk 

of the wafer.  
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o If the AlOx is used as a dopant source, this laser-induced damage can be 

significantly reduced through the formation of very thin finger regions by using a 

fast laser doping speed but finger adhesion is reduced to the point devices cannot 

be fabricated. 

3. A method was introduced for monitoring the changes in SRH recombination that 

occur in a cell’s Si bulk after different processing steps using injection-dependent 

minority carrier lifetimes obtained using a combination of QSSPL and QSSPC 

measurements. 

4. The first demonstration of combining (and comparing) QSSPL and QSSPC injection-

dependent minority carrier lifetime measurements to estimate the capture cross 

section ratios of electron and holes for B-O defects after light soaking, belt furnace 

annealing and regeneration processes. 

5. The first report of the use of injection-dependent minority carrier lifetime analysis to 

show that SiNx layer and a following RTA are required for stable regeneration of the 

B-O defect in light-soaked wafers. 

6. The injection-dependent minority carrier lifetime analyses identified key problems 

associated with using low-injection data in the estimation of recombination 

parameters from eff(n) data measured using QSSPL.  

7. This thesis represents the first report of the use stylus-based adhesion testing to 

evaluate the effects of different contact opening methods, plating rate, plating 

chemistry, grid geometry and annealing on plated finger adhesion. 

8. This thesis represents the first report of the use of nanoindentation to measure the 

rigidity of plated fingers and to correlate these measurements with FD measurements. 

9. It was identified that it can be insufficient to evaluate plated metal adhesion using 

only busbar pull tests, because differences in effective plating current densities across 

a cell can result in strong busbar adhesion but fast plating at the fingers can result in 

poor finger adhesion and excessive finger peeling after stylus impact.  

o This finding has important implications for companies developing alternative 

(plated) metallisation capability and suggests the need to incorporate appropriate 

metallisation metrology if Ni/Cu plating is to be introduced into large scale 

manufacturing. 
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6.3 Future Work 

The investigations in this thesis have also highlighted a number of areas of future research. 

There is scope to extend the work reported in each of the three experimental chapters as 

described below.  

As mentioned in Chapter 3, p-type laser-doping damage can be significantly reduced by laser 

doping through AlOx dielectric layers (i.e., without B source). Hallam et al. [226] have 

demonstrated that FFs > 78% and cell efficiencies > 20% cell can be achieved by laser 

doping through AlOx and then contacting the doped regions using evaporated Al sintered at 

low temperature. However for plated bifacial cells, the problem that needs to be addressed is 

the adhesion of plated metal to these thinner and smooth surfaces that result from laser 

doping. In Chapter 5, it is shown how ps laser ablation can create a rough nanoscale surface 

that can significantly increase the adhesion of plated metal. It therefore may be possible, to 

more closely characterise this roughness (e.g., through imaging and contact angle 

measurements) to identify the key requirements for strong adhesion. Required roughness may 

be able to be achieved by chemical etching methods or physical structuring (discussed further 

below), however during any ‘roughening’ process, damage to the Si needs to be considered 

carefully.   

The QSSPL and QSSPC recombination monitoring method introduced in Chapter 4 could be 

used to improve the bifacial cell fabrication process. Injection dependent QSSPL 

measurements can be recorded after bifacial cell metallisation, allowing information about 

additional recombination introduced by metallisation to be directly assessed. Although this 

was attempted in the current thesis project, the effective minority carrier lifetimes were low 

due to laser damage after the B laser doping process so a useful analysis was not possible. 

However, if this was attempted using laser-doping through AlOx, the higher expected 

lifetimes may permit the analysis. It would also be useful to investigate the nature of 

recombination introduced during RTA after Ni plating.   

Finally, there are many aspects regarding finger and busbar adhesion of plated metal to Si 

that can be investigated further. There are two studies that may be of particular value in terms 

of improved understanding.  First, it would be useful to investigate the fundamental reason(s) 

for the increased adhesion that results from the nanoscale roughness exposed in the Si by ps 

laser ablation of coating dielectrics. For example, does the nanoscale roughness affect the 
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nucleation of the Ni or the wettability of the Si surface by the plating electrolyte? This 

understanding may allow for specific engineering of surfaces (e.g., chemical etching, 

physical or optical structuring) to achieve strong adhesion. Second, it would be attractive to 

manufacturers if a non-contact test could be developed for adhesion assessment. Not only is 

the stylus-based test described in this thesis a destructive test, it is also relatively slow which 

limits the number of cells that can be realistically tested. A non-contact test would allow 

rapid testing without using cells from production. 
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APPENDIX B. LIST OF ABBREVIATIONS 

H2N-(CH2)n-NH-R Alkylated polyalkylenemine  

AlOx Aluminium oxide 

Al Aluminum 

AL BSF  Aluminum back surface field 

ARC Anti-reflection coating 

B Boron 

BRL Boron rich layer 

BSG Boron silicate glass  

B-O Boron-oxygen  

CLEP Contactless electroplating  

CW Continues wave  

Cu Copper 

CuSO4 Copper (II) sulfate 

CuCl2  Copper(II) chloride  

Cu(NO3)2  Copper(II) nitrate 

Cz Czochralski 

DI Deionized 

DRM Depletion region modulation  

EL Electroluminescence 

EQE External quantum efficiency 

FIP Field-induced plating  

FBP Forward bias plating 

HIT Hetero-junction technology  

HF Hydrofluoric acid  

H2SiF6 Hydrofluosilicic Acid 

H Hydrogen 

HCl Hydrogen chloride  

IC Integrated circuit  

IBC Interdigitated back contact 

IQE Internal quantum efficiency 

Fe Iron 
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LBD Laser Buried Grid  

LDSE Laser doped selective emitter  

LED Light emitting diode 

LID Light-induced degradation  

LIP 

LIPSS 

Light-induced plating  

Laser induced periodic surface structure 

MPP Maximum power point 

ns Nanosecond 

Ni Nickel 

NiSix Nickel silicide 

PERC Passivated emitter and rear cell  

PERL passivated emitter, rear locally-diffused  

PERT Passivated emitter, rear totally diffused  

P Phosphorus 

PSG Phosphosilicate glass  

PC Photoconductance 

PL Photoluminescence  

PV Photovoltaic 

ps Picosecond 

PECVD plasma-enhanced chemical vapour deposition 

Pt Platinum 

C2nH4n+2On+1 Polyethylene glycol  

QE Quantum efficiency 

QSS Quasi-steady state  

QSSPC Quasi-steady state photoconductance  

QSSPL Quasi-steady state photoluminescence  

RTA Rapid thermal anneal 

SEM Scan electron microscope 

SRH Shockley-Read-Hall  

Si Silicon 

SiO2 Silicon dioxide 

SiNx Silicon nitride  

Ag Silver 
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R1-(S)n-RSO3M Sulfo sulfonate compounds  

TDS Technical data sheets  

TEM Transmission electron microscopy  

TCO Transparent conducting oxide  

UV Ultraviolet 

H2O Water 
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APPENDIX C. LIST OF SYMBOLS 

I Current 

T Absolute temperature 

ABusbars Area of busbars 

Afingers Area of fingers 

AIntersections Area of intersection regions 

k Boltzmann’s constant 

tbulk Bulk lifetime 

Ec Conduction band  

J0 Dark saturation current density  

Dit Density of interface states 

FD Dislodge force 

ND  Doping concentration of the bulk silicon 

NA  Doping density 

 eff Effectvie lifetime 

ε Elastic strain 

n Electron density 

Te Electron temperature  

ke  Electron thermal conductivity 

σn/σp  Electron/hole capture cross-section ratio  

q Elementary charge of electron  

J0e Emitter saturation current density  

Et Energy of the recombination centre 

Dn Excess carrier density 

αCu Expansion coefficients of copper 

αSi Expansion coefficients of silicon 

FF Fill factor 

G  Generation 

G(t) Generation rate  

H Hardness 

Ce Heat capacities of electron 

Ci Heat capacities of lattice subsystems 

Q(z)  Heat flux 

p Hole density 
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iVoc  Implied open circuit voltage 

ni Intrinsic carrier concentration of Si  

S Laser heating source term 

I(t)  Laser intensity 

Ti Lattice subsystem temperature 

m Local ideality factor 

mpp Maximum power point  

JDS-middlerange  Mid in the optimal range specified for the chemistry 

∆n Minority carrier concentration  

Voc  Open circuit voltage 

ϒ  Parameter characterizing the electron-lattice coupling 

Tanneal  Peak annealing temperature  

z  Perpendicular direction to the substrate surface 

Iplating Plating current 

P Power 

Ps Power loss due to series resistance 

Psh Power loss due to shunt  

pFF pseudo fill factor  

B Radiative recombination coefficient 

R Recombination 

R Reflectance 

TRT Room temperature  

Ai  Scaling factor for re-absorption within the sample 

Rs Series resistance  

Isc Short circuit current 

Jsc Short circuit current density  

Rsh Shunt resistance  

i Surface transmissivity  

t Time 

Ev Valence band  

V Voltage 

E Young’s modulus  
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