Copper metallization of electrodes for silicon heterojunction solar cells: process, reliability and challenges
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Abstract
The crystalline silicon (c-Si) based technologies occupy 95% market share in the global photovoltaic (PV) production capacity. The conversion efficiency of silicon heterojunction (SHJ) solar cell in mass production has gone beyond 23%. The most pressing challenge hindering the industrial scale expansion of SHJ solar cell currently is the relatively high production cost as compared to the PERC (passivated emitter and rear cell) product. The low temperature silver paste utilized in the SHJ cell process accounts significantly for about 30% of the total processing cost due to its large consumption. Copper plating is of great current interest to silicon heterojunction application, which has a high potential to cut down the cost and improve cell efficiency by the remarkably reduced shading loss, increased electrode conduction and fill factor. However, there are still some critical issues need to be systematically optimized and proven for mass production. Selectively-deposited seed layer and stripping-free plating resist are the key factors to simplify the plating process. This paper gives a detailed look into the development of copper metallization for SHJ solar cell. Plating process involving seed layer formation and patterning methods are explicated. The process simplification and reliability are discussed aiming at its employment in industrial production.
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1. Introduction
The photovoltaic (PV) power has become a prospecting source for electricity. The accumulated global PV module production capacity is expected to be about 200 GWp by the end of 2019 [1-3]. The reduced manufacturing cost and improved solar module performance are the keys to further enhance the long-term competitiveness of silicon photovoltaic technologies. In the cost configuration of silicon-based solar cells, the screen-printed silver pastes are the most expensive non-silicon materials. It is expected that from 2020 to 2030 the demand for silver by solar cell production will total 888 million ounces [4]. The silver price might rise sharply in the coming years or decades due to PV production moves towards terawatt (TW) range. 
Silicon heterojunction (SHJ) solar cell has attracted increasing attention for the excellent passivation [5-7], high conversion efficiency over 26.63% [8] and low temperature processing typically below 200 oC [9]. The low temperature silver paste is commonly used for SHJ solar cells. Its resistivity is three times higher than that of the high-temperature counterparts [10]. A larger amount of low temperature silver paste for better Ohmic contact is required, which will significantly affect the cost of SHJ solar cells. Taking five busbars and bifacial SHJ solar cell (23%, 5.62W, M2 wafer) for example, about 350 mg low temperature silver paste is required. The cell cost reaches about 35 ¢/cell based on current silver paste price (~$ 1000/kg). Thus, lower silver paste consumption or substitution of expensive silver paste is of high demand for SHJ solar cell.
Copper plating is of great interest and regarded as an ideal alternative electrode solution and industrially proven technology for diffused-emitter solar cell [11-13]. Benefited from the copper’s high conductivity and thin finger width, the shading loss and finger resistance can be reduced remarkably, which can enhance the electrical properties. In this structure, SiNx film acts as anti-reflection coating and plating mask, Ni-Si alloy as copper diffusion barrier [14]. Only an extra step of forming SiNx contact opening is needed before plating process [15]. However, the application of the copper metallization on SHJ solar cell is totally different from diffused-emitter solar cell. Some barriers including not cost-effectively process, complicated electroplating steps, long-term degradation and reliability have been identified as the obstacles to its industrialization. In this paper, the copper metallization technology for SHJ solar cell process is reviewed and discussed. The plating process involving seed layer formation and patterning methods are explicated. We compare and analyze innovative routes or technology used for SHJ solar cell, aiming at simplified process and reliable device performance. Finally, the keys and challenges of copper metallization technology in future industrial application are discussed.
2. Structure features of SHJ solar cell for copper metallization
Fig.1 shows the configuration of copper-plated bifacial SHJ solar cell. The thin intrinsic hydrogenated amorphous silicon layers and oppositely doped amorphous silicon layers are deposited on each side of crystalline silicon wafer, achieving excellent passivation and high-quality emitter. For better collecting the photocurrent from the emitter, the transparent conductive oxide (TCO) films combining simultaneous high transparency and conductivity is mostly deposited on SHJ solar cell. Besides, the refractive index of TCO films is close to silicon nitride, which is suitable as the anti-reflection coating [16].
Screen printing is the leading electrode deposition technology in PV mass production due to its simplicity and high output. However, the resistivity of low-temperature silver paste is higher, resulting in increased contact resistance and finger-width-caused shading loss, which limit the cell performance [17]. The copper plating is a competitive altanative. The resistivity of copper-plated electrode is close to bulk copper material, which is 2~3 times lower than printed silver electrode and could achieve decreased contact resistance and finer line. The surface morphologies comparison of printed finger and copper plated finger are shown in Fig.2. The printed silver finger is unsmooth and wide. The topography image shows that the screen-printed Ag finger is triangular. Low temperature silver paste fulfilled with hundreds of nanometers’ voids has also been observed in the cross-sectional SEM image [18]. Taking advantage of the photolithography based, the copper finger width can be less than 30 μm. The plated copper finger is compact and uniform. Its cross section is rectangular and the surface roughness is less than 2 μm. However, the existing TCO layer makes the copper metallization totally differ from the process in diffused-emitter solar cells. The plating methods applied in diffused-emitter solar cell, such as laser ablating SiNx film [15], light induced plating (LIP) [19], electroless plating [20], is not suitable for SHJ solar cell process. The current research progress in electroplating of SHJ solar cells with different methods are summarized in Table 1.
3. Copper metallization process of SHJ solar cell
According to the structure of SHJ solar cell shown in Fig.1, TCO film is empolyed as conductive layer and anti-reflection coating. The chanlleges for copper metallization process of SHJ solar cell are mainly the selective plating on TCO film and adhesion between plated finger and metal oxide layer. The conventionally plating process sequence involves five steps (shown in Fig.3): (1) Full area seed layers are usually deposited by physical vapor deposition (PVD) or sputtering after preparation of SHJ substrate. (2) Photolithography to define electrode openings: the light-sensitive resist is usually applied in order to plate patterned electrodes on TCO surface. After UV exposure, the unexposed resist can easily be dissolved to form designed opening. The whole process must be completed in the yellow light clean room. (3) Copper/Tin electroplating: the DC power supplier combining with vertical plating is the most commonly adopted method. (4) Plating mask stripping and seed layer etching back: the patterned resists are stripped and the full area seed layers are then selectively etched back to achieve selectively copper-plated electrodes.
This plating process has been verified in the printed circuit board (PCB) industry, and introduced to SHJ solar cell industrialized metallization by Kaneka, Silevo, GS solar etc. The metal seed layer allows high lateral conductivity for better contact and smaller current gradient distribution from contact points to cell edges. This is helpful for bifacial plating. However, the downside of light-sensitive resist is the using of organic coating materials, as well as the waste water management during chemically removing of the mask. Besides, the patterning process (resist deposition, UV exposure and resist development) must be carried out in the yellow light clean room. These make the whole plating process complicated and not cost effective.
3.1 Contact formation and adhesion improvement
The employment of high laterally conductive metal seed helps improve the adhesion between plated electrode and TCO. In addition to the single element metal as the seed layer, the co-deposited metal alloy is also deposited as plating seed layer [37]. Cu-Ni alloy shows lower contact resistivity (0.6 mΩ‧cm2) than evaporated copper seed layer (1.18 mΩ‧cm2) on the same tin-doped indium oxide (ITO) film, resulting in a SHJ solar with fill factor of 77.4% and conversion efficiency (22.5%) [34].
Compare to full area seed layer deposition, efforts have been paid to directly plating on TCO film. A nickel seed layer (typical 1-3 μm thickness) with good mechanical adhesion has been used for electroplated contact [27]. Besides, a thermo-sensitive (styrene-co-NIPPAAm)/Pd(St-co-NIPAAm/Pd) nanoparticle-based ink has be printed on TCO substrates, acting as patterned catalytic sites [38]. Nickel layer is electroless plated to form improved adhesion subsequently. Yet the lateral conductivity of TCO film is still not sufficient for contacting at the edges of the to-be-plated surface. This could cause the enlarged gradient electric field distribution and inhomogeneous electrode thickness. One possible solution is the single-side plating shown in Fig.4. The metal is plated on the patterned side, and the opposite side is contacted like light induced plating (for rear emitter SHJ solar cell) or in forward diode conduction (for front emitter SHJ solar cell) [25]. Unfortunately, this method is not suitable for bifacial plating of SHJ solar cell. On the other hand, TCO is a kind of stable metal oxides with smooth surface when deposited on silicon wafers. Although surface pre-treatment or nickel plating can improve the adhesion between the plating electrode and the TCO surface to a certain extent, it still hard to meet the peel force requirements of industrialization.
Alternatively, a selective seed layer in the opening mask is of great interest. A laser-based method has been reported to deposit seed layer. A NiV layer is laser induced forward transferred (LIFT) from a plastic carrier foil onto the substrate [31]. Then, the NiV layer is fired through the dielectric layer to form a contact to the TCO. The selection of NiV as seed layer features low contact resistance and improved adhesion. The plated fingers with 30 μm finger width pass a tape adhesion test and could not be peeled off. However, quantitative adhesion test should be applied to ensure the requested 1N/mm peel force. Moreover, the indium reduction is also promising for selective seed layer deposition. The indium particles are reduced from tungsten-doped indium oxide (IWO) film where the finger opened [32]. These particles are then applied as plating seed layer during the subsequent plating process. By applying this method, the surface roughness can be significantly increased and indium particles with a low melting point will melt in the post-annealing process to further enhance the adhesion. In short, simple and efficient selective seed layer deposition method could make the plating process remarkably simplified. It doesn’t need to deposit full area seed layer and selectively etching back any more, but still should be verified for long time reliability.
3.2 Organic-material-based selective plating process
The patterning process of TCO film is another challenge has to be dealt with regarding the selective plating. Photolithography process is firstly used to form finger opening by spin coating a liquid resist and subsequent UV illumination. This process can obtain thinner finger width (10 μm) and excellent aspect ratio (1:1) [39], but is difficult to transfer to 6 inches solar cells and far too expensive for PV production. According to the electroplating application in the PCB field, mass production compatible light-sensitive UV ink and dry film are applied to form finger openings. Compared to UV ink with finger opening 35-40 μm, dry film shows better resolution even from 20-50 μm and simplified lamination step on both sides simultaneously [40]. The characteristics of dry film make the cross section of plated electrode rectangular, which means higher aspect ratio. However, either UV ink or dry film still needs lithography-based steps. A mass-production produced and low-cost alternative process is of great importance. The well-established screen-printing process is applied to form negative H-pattern finger opening [28]. The roughness of textured pyramid and mesh count of printing-screen influence the opening resolution remarkably. The minimum finger opening is around 70 m on textured substrate and requires further optimization. Hot-melt resist material with the negative H-pattern front opening has been tried by inkjet printing technique. It is a good candidate which could be compatible with PV industry and avoid surface contaminations. Industry compatible inkjet printing of hot melt masks enables patterning of 30-μm-wide fingers with a copper thickness of 15 μm [27]. While inkjet-based approaches need to overlap the narrow lines to achieve a large-area plating mask, that means increasing printing passes per mask (even for bifacial mask) or a two-step approach (coating the whole surface firstly and then inkjet printing functional ink) [29,41]. The printing process can be done in one pass. While higher throughput for this whole patterning process is still under developing.
3.3 Inorganic-material-based selective plating process
The employment of an inorganic patterning layer is more preferred for the mass production of copper metallization, calling for high-throughput and low-cost alternative process. Fig.6 summarizes various copper plating process with inorganic mask formation. Screen-printed silver finger has been reported to act as seed layer, covered with silicon oxide dielectric film as the plating mask. Cracks are formed in the SiOx after curing the paste, enabling copper deposited only on the crack-formed seed layer during the following plating step [23,33,42]. This method simplifies the plating process significantly and all the steps are mass production technologies, but the use of silver paste limits the cost reduction. Native oxide barrier layer could also be served as the plating mask [43-45]. Titanium and Aluminum are very easily oxidized, making their plating current densities much lower than on Nickle, Copper and Silver at low plating potentials [46]. Seed layer is formed by inkjet etchant solution on native oxide layer and then the parasitic plating is controlled by a pulse reverse current plating process. Finally, the seed layer and native oxide layer are etched back selectively in the non-electrode area. This selective electroplating and resist-free alternative method utilize the self-passivation oxide layer of Aluminum as plating mask. However, the ghost plating, selectively etching at non-grid positions of Titanium and corrosion resistance of Aluminum in strong acid electroplating bath should be tested and verified.
Laser patterning is a promising method for the copper plating of diffused-emitter solar cell with dielectric film. But it is not compatible with the SHJ solar cell process. The intrinsic and doped a-Si stack layers of SHJ solar cells are thinner than 20 nm. Laser beam can damage the passivation layer intolerably. It is impossible to ablate the TCO layer without compromising the device performance. Consequently, an Al2O3/a-Si stack depositing on TCO has been proposed [26]. The a-Si layer is applied as absorber to the laser irradiation, which regions the Al2O3 film are ablated and the plating openings on TCO are created. However, deposition of Al2O3/a-Si stack layers need two additional vacuum steps for even single side plating and be striped finally, which adds up an extra process step and not suitable for bifacial plating solar cell. Another optimized plating process is laser induced forward transfer (LIFT) method, which has been used in silicon homojunction solar cells [31]. Firstly, a dielectric layer is deposited on TCO film as the plating mask. In the first laser step, the seed layer is induced forward transferred on the solar cell, which is fired through the plating mask to form good contact to TCO in the second laser step. It has found that the employment of reverse pulse plating process could obtain copper plated electrodes and minimize the ghost plating. The finger width of LIFT technology can reach as thin as 30 μm and a cell efficiency of 22.2% has been obtained on 6-inch monofacial SHJ solar cells. It is worth noting that the thickness of inorganic materials (dielectric layers such as SiNx, SiOx, Al2O3 etc.) is usually tens of nanometers, making the electrodes morphology not so sharp as thicker organic plating mask. However, this inorganic-material-based method could still achieve high aspect ratio by suppressing lateral growth by adjusting the plating solution, which has been optimized and proven in the copper electroplating of PERC solar cells.
In summary, copper plating is of great current interest to silicon PV application, especially in the silicon heterojunction field. However, the complicated electroplating process of heterojunction solar cell is the biggest obstacle to its industrialization. Selectively-deposited seed layer and stripping-free plating resist are the key factors to simplify the plating process. More innovative researches are needed to break through the shortcomings of existing technologies. The development of damage-free laser technology combing with inorganic pattern process shows the potential for low-cost mass production of copper metallization.
4. Long term stability of copper metallization
4.1 TCO film as copper diffusion barrier
The long-term reliability of electroplated solar cell is another decisive factor that determines whether copper metallization can be mass produced. Copper is a deep level impurity and diffuse rapidly into silicon and react with silicon easily, leading to device degradation and failure. Thus, a diffusion barrier layer for copper is critical [47-49]. For copper metallization of conventional solar cell with diffused emitter, nickel was electrical/electroless deposited. The nickel-silicon alloy is formed in the subsequent annealing process acting as the copper diffusion barrier layer [50-52]. As for SHJ solar cell, TCO film is inserted between electrodes and silicon. Additional barrier layer deposition will increase the process complexity and cost. In the category of TCO film, ITO film with the thickness of 10-60 nm has been tested as the Cu barrier, with the highest failure temperature at 750 oC [53-55]. IWO film shows better opto-electrical properties and chemical stability than ITO film. The barrier properties of IWO film are also investigated (in Fig.7). At high annealing temperature (> 800 oC), the holes with tens of nano meters occur, providing the through-path for copper to react with silicon to form Cu-Si alloy [56]. Thus, both ITO and IWO films present excellent copper diffusion barriers properties, making the requirement of depositing a separate barrier layer no longer prerequisite.
4.2 Device stability of copper electroplated SHJ solar cells
Although TCO film could act as effective copper diffusion barrier, it is also important to evaluate the degradation of SHJ solar cells with copper electrode. There are still seldom effective methods to judge the influence of copper diffusion at solar cell level. A fast degradation method of 5% pFF loss as the critical boundary at elevated temperatures is characterized and written as Arrhenius plot using time/temperature pairs for pFF degradation of 5% rel. for cells (shown in Fig.8), which shows good agreement with module damp heat test at 1.5 x IWC criteria [57,58]. For SHJ solar cell, the normalized pFF of SHJ solar cells with different metallization methods after thermal stress in N2 is presented in Fig.8 (b). Both screen-printed and copper plated cells have excellent stabilities. The pFF loss is less than 2.5% after 100 hours at 180 oC. The results also show that the degradation is obviously accelerated (8 hours failure) when IWO film cannot cover the wafer totally, related to the possibility copper diffusion. Further research and comparison should be carried out to verify the confirmation of the prediction degradation for SHJ solar cell.
4.3 Long-term stability of copper plated SHJ modules
The long-term reliability of the PV module has a decisive influence on the power generation cost. With a system lifetime of 20 years and a degradation rate of 1%/year, even a free module would need to have an efficiency of at least 27% in order to balance energy conversion. Thus, Module durability is not a nice-to-have, it is necessary. It has been reported that copper will influence the reliability on diffusion-emitter solar cell [59-61]. However, there are limited literatures on degradation of copper plated SHJ solar module. Table 2 summarizes the published reliability of copper plated SHJ modules. An IEC 61215 measurement is widely applied to distinguish long term stability at PV module level. Standard test condition is thermal cycles (TC, -40 oC to 85 oC, 200 cycles) and damping heat (DH, 85 oC, 85% relative humidity, 1000 h), requiring <5% power loss. 
A degradation of -1.1% after 200 cycles of thermo cycling test is observed with ITO/Ni/Cu/SWCT module structure. The damping heat test results are also very promising with only 3%rel of power degradations after 3000 hours [27]. Silevo’s copper plated modules have carried out aggressive stability measurements with 72 cells glass/glass structure, showing excellent reliability on TC 600 (-1.9%), DH 2000 (-2.45%), HF 30, UV weathering test and potential induced degradation (PID). The measurement conditions are far more strict than standard IEC & UL requirement [24]. The influence of water vapor transmission rate (WVTR) value on copper plated SHJ modules is also evaluated. The mini-modules are encapsulated with a standard glass/back-sheet structure. By using EVA as encapsulant material, the Pmax remains > 95% after 4000 h damping heat test. Benefitting from the better WVTR property, the mini module passes 7000 h damping heat duration with polyolefin encapsulant material [23]. These outstanding reliability performances support that the copper metallization is promising to replace silver paste in large-scale applications. However, SHJ solar cell with copper plated contact probably introduce new reliability risks, which is worth further study to understand the severity and influence.
5. Future challenges
The SHJ solar cell combines the advantages of crystalline silicon cells and thin film cells, with fewer process steps, high efficiency, no light decay and low temperature coefficient. The mass production efficiency has reached 23.2%-23.8%, with planned production capacity exceeding 40 GW [64]. Copper metallization with higher efficiency potential is of great current interest to silicon heterojunction application. However, some barriers including not cost-effectively process, complicated electroplating steps, long-term degradation and reliability have been identified as the obstacles to its industrialization.
i. Copper metallization must face the competition with novel module technologies. The combination of fine-line screen-printing and multi busbars interconnection (or Smart Wire Connection Technology (SWCT) by Meyer Burger) can reduce silver paste consumption obviously, enabling silver paste consumption as low as 100 mg [65-67]. The shingling module technology can also boost power output with reduced silver consumption [68,69]. Electroplating technology must show its cost-effective advantages, or else it will not be able to achieve mass production breakthroughs.
ii. Process simplification is of critical importance for industrial application. Selectively-deposited seed layer and stripping-free plating resist are the key factors to simplify the plating process. It should also be considered the additional process steps and increased equipment investment except the low material price when replacing silver paste. Researchers have made many improvements and attempts to the existing technology, but still cannot meet the requirements of low-cost electroplating. 
iii. The cell edge and cross section region where not fully covered by the resist easily suffers from ghost plating, causing the deviation of the measured Voc at lower illumination (<1 suns). This deviation may account mainly for very small amount of copper diffuse into emitter, resulting in deteriorating surface passivation. It should be paid close attention to the preventing of edge and cross section ghost plating, but requires extra process step. Meanwhile, the influence of TCO friction damage on module reliability during transmission also cannot be ignored.
iv. The poor adhesion between directly plated electrode and TCO is one of the main challenges to simplify the plating process. With an intermediate seed layer, the improved adhesion has been obtained with 3-5 N/mm [32,35]. However, the peeling force of plated electrodes is highly dependent on surface cleanliness, solution composition, electroplating conditions, the internal stress of the electrode, which needs more test analysis and careful evaluation.
6. Conclusions and outlook
Copper plating is a competitive technology to achieve high solar cell performance due to its reduced shading loss, low line resistance and high fill factor. As the increase of silver price, electroplating technology shows its cost advantages and potential, but still not enough to replace the existing screen-printing technology, especially the breakthrough of module encapsulation technology enabling more options for high efficiency and low-cost encapsulation. The limitation of low temperature silver paste makes copper metallization of great importance for SHJ technology. There several companies have tried to transfer copper plating technology for industrialization. Excellent solar cell efficiency and high reliability solar module have been proposed, but the mass production application is still limited by complicated and not obvious cost-effective process. Selectively-deposited seed layer and stripping-free plating resist are believed the key factors to promote low-cost mass production. It still needs systematic and deeply study on the impact of electroplated copper on module reliability. Despite the many challenges, copper plating is still a promising candidate for high efficiency and low cost SHJ solar cells, especially in terms of cell cost as compared with sharply increasing silver price.
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Fig.1 The schematic structure of Copper plated SHJ solar cell
[image: ]


Fig. 2 3D confocal microscopy images of metal fingers, (a) screen-printed silver paste, (b) electroplated copper finger [21]
[image: ]


Table 1 Research progress in electroplating of SHJ solar cells
	Affiliation
	Electrode deposition method
	Pattern
	Finger width (μm)
	Area (cm2)
	Best efficiency (%)

	Kaneka [22]
	Electroplating on seed
	/
	30-40
	152
	25.10 

	Kaneka [23]
	/
	SiOx patterning mask
	45-55
	/
	20.8 (module efficiency)

	Silevo
[24]
	Electroplating on seed
	Dry photoresist film
	32
	239
	23.1

	CSEM
[25]
	Ni/Cu light induced plating
	Photolithography
	15
	4
	22.4

	EPFL
[26]
	Ni-Cu plating
	Laser ablating Al2O3/a-Si
	25-40
	235
	19.18

	Roth & Rau
[27]
	Light induced plating
	Inkjet of hot-melt resist
	35
	153
	22.3

	SIMIT
[17]
	Electroplating on seed
	Photolithography
	53
	154
	22

	SERIS
[28]
	Light induced plating
	Screen printing resist mask
	80
	4
	19.1

	UNSW
[29]
	Light induced plating
	Inkjet lithography
	20
	239
	18.8

	Fraunhofer ISE
[30]
	Pulse reverse current plating
	Metal oxide barrier
layer
	30-40
	6.25
	20.2

	Fraunhofer ISE
[31]
	Reverse pulse plating on NiV seed
	Al2O3 dielectric layer
	30
	239
	22.2

	SWPU
[32]
	Electroplating on In seed
	Dry photoresist film
	38
	154
	22.01

	SWPU
[33]
	Electroplating on Ag seed
	SiOx patterning mask
	70
	154
	21.53

	Sejong U
[34]
	Cu-Ni alloy plating
	Photolithography
	/
	4
	22.5

	ASU
[35]
	Electroplating on seed
	Photolithography
	30
	100
	21.9

	TU Delft [36]
	Electroplating on PVD Ag seed
	Photolithography
	/
	7.84
	19.4





Fig.3 The flowchart of conventionally copper plating process for SHJ solar cell [36]
[image: ]


Fig.4 Schematic of electrical deposition setups, (a) light induced plating, (b) diode forward conduction electroplating [25]
[image: ]


Fig.5 Finger opening morphology of different organic pattern: (a) Photoresist [39], (b) UV ink [40], (c) Dry film [40], (d) Screen-printed mask [28], (e) Resin resist [29], (f) hot-melt film [27]
[image: ]


Fig. 6 Comparison of various copper plating process with inorganic pattern formation
[image: ]


[bookmark: OLE_LINK22][bookmark: OLE_LINK25]Fig 7 SEM images of the Cu/IWO/Si samples (a) as-deposited and (b) 500 oC, (c) 600 oC, (d) 700 oC, (e) 800 oC, (f) 850 oC annealed. The insets illustrated the details of the exposed IWO layers of the samples, correspondingly [56]
[image: ]


Fig.8 (a) Arrhenius plot of cell (black marks) and module (red mark) degradation data from temperature time pairs leading to a loss in pFF of 0.25% rel. [58]; (b) the normalized pFF of SHJ solar cells with different front metallization stacks at thermal stress [17]
[image: ]


Table 2 Reliability of copper plated modules
	Affiliation
	Damp Heat (h)
	Thermal Cycles
	Encapsulation

	Silevo [24]
	DH 2000 -2.45%
	TC 600 -1.9%
	Glass/glass 72 cells module

	Kaneka [23]
	DH 4000/DH 7000
	/
	EVA/polyolefin, mini module

	Kaneka [62]
	DH 600 -2%
	Pass
	Mini module

	Roth & Rau [27]
	DH 3000 -3.1%
	TC 200 -1.1%
	SWCT mini module

	ASU [63]
	DH 2500 -4.8%
DH 2500 -6.4%
	/
	Glass/EVA/Glass module
Glass/EVA/Back sheet module
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Fig. 1. Schematic of electrodeposition sctups for (a) light-induced plating and
(b) electroplating.




image5.emf
(a)

(b) (c)

(d)

(e)

(f)


image6.emf
(a) Silicon oxide mask [23]

(b) Native oxide barrier layer [30]

(c) Laser ablating Al

2

O

3

/a-Si stack [26]

(d) LIFT method [31]


image7.jpeg




image8.emf
1 10 100

0.92

0.93

0.94

0.95

0.96

0.97

0.98

0.99

1.00

5% pFF loss

 

 IWO+Ni seed+EP-Cu

 IWO+SP-Ag

 IWO partly damaged+Cu seed+EP-Cu

 IWO+Cu seed+EP-Cu

Normalized pFF(pFF/pff

t=0

)

Duration of thermal stress at 180 degree C (h)


