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1. Introduction
In silicon solar cell technology, metallization plays an integral part in outlining the cost and
efficiency of solar cells. Indeed, the development of better techniques for the metallization of
silicon solar cells is vital for achieving higher efficiencies. Presently, screen-printed contacts
are primarily employed in photovoltaic industry as they can be realized easily with high
throughputs. However, screen-printing technology has the draw-backs of higher contact
resistance and lower aspect ratios, degrading the solar cells’ performance. In recent years, an
overall decrease in the photovoltaic module price index has occurred, while the higher cost of
silver has disturbed this decrease adversely [1]. The future of solar cell technology will involve
decreasing the wafer’s thickness as well as decreasing the use of silver according to the
standards set out by the international technology roadmap for photovoltaics (ITRPV) [2]. Metal
contacts with superior electrical performance and lower production costs are vital for photo‐
voltaic industrial production. In short, the pressing process of screen printing technology for
thinner silicon wafers, along with expensive silver pastes, needs to be replaced by a fresh
metallization technology. A series of workshops have been dedicated to the metallization of
crystalline silicon solar cells, where various metallization techniques have already been
inquired [3-6]. All of these meetings have helped in understanding and reforming present-day
advancements in solar cell metallization techniques.
Among the capable metallization techniques, contacts composed of nickel/copper (Ni/Cu)
metal stacks are considered to be one of the most feasible candidates for future metallization
technologies. The use of such metal stacks offers precise and low contact resistance and also
helps in improving solar cells’ efficiency [7]. The most important feature is that the technique
can be realized with lower material costs. Ni/Cu contact formations involve two major steps:
a Ni seed layer formation followed by a Cu metal deposition as a front electrode. The Cu metal
stack over the Ni layer plays the role of the main contact to the front of the cell [7-12]. The Cu
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front metals stack is usually formed by an electro-plating process, which is a well-developed
plating technique and can only be applied to conductors. Cu has also been deposited by an
electroless plating process, but it also requires a seed layer at the silicon surface [13, 14]. An
auto-catalytic method of depositing Ni-phosphorus or Ni-boron by electroless plating bath
compositions can be adopted to contact the semiconducting surface of silicon [15-17]. The use
of a seed layer (i.e., Ni) can help to plate metal stacks on semiconducting or even nonconducting materials. Apart from Ni deposition from a conventional Ni plating bath, it can be
plated under illumination (light-induced electroless plating) [18, 19] or by laser-assisted
electroless plating [20]. A galvonic deposition method was also adopted to realize thin Ni
layers on a textured silicon surface uniformly [21]. The Cu metal is usually electroplated by a
light-induced plating (LIP) process developed at the Fraunhofer Institute for Solar Energy (ISE)
[22, 23]. The LIP process involves the immersion of a sample composed of an np-junction with
aluminium (Al) screen-printed on the back into an illuminated plating bath. The details of the
LIP process will be discussed in the following sections.
This chapter deals with issues regarding contact formations using Ni/Cu metal stacks for
crystalline silicon solar cells. The key issues for the discussed technology are: (i) an effective
Ni seed layer formation, and (ii) the development of Cu metal contacts by the LIP process. In
this section, we will give an overview of the process conditions for such metallization schemes
and of the current research work as well as the challenges and issues that have emerged. The
sections are dedicated to addressing the most important topics in detail.

2. Silver vs. copper metallization
Currently, the photovoltaic industry is primarily occupied by metallization schemes composed
of silver-based (Ag-based) screen-printed contacts. The key attribution is a simple process
control with an attainable mass production on the industrial scale. However, the efficiencies
of cells with screen-printed electrodes are degraded by factors such as the finger width and
fill-factor (FF). Ag-based screen-printed contacts usually offer high contact resistance and have
lower metal conductivity, and junction shunting can occur during the contact firing process.
Such issues degrade the FF of the cell, which is why screen-printed contacts typically offer FFs
within the range of 75-78%. On the other hand, the FFs of the contacts patterned with the
photolithography process lies within the range of 81-82% [24, 25]. Moreover, screen-printed
contacts offer higher shading losses because of larger finger widths (usually ≥ 100 µm wide).
The metallization of solar cell has a vital role in contributed to cell performance and it also
determines a considerable number of cell processing costs. On average, about 40% of expenses
are associated with the pastes used for front-and rear-side metallization [1]. This shows that
the overall cost of the solar modules can be reduced drastically if the expensive Ag paste is
replaced by relatively cheaper materials, such as copper. The schematics of both the metalli‐
zation concepts are shown in Figure 1.
Considering the higher cost of Ag and tarnished cell parameters due to shading losses and
lower FFs, screen-printed contacts offer an opportunity for replacement by an alternate
metallization. Recently, metal contacts composed of Ni/Cu metal stacks have emerged and are
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Figure 1. Schematic structures of solar cells composed of metal contacts formed with screen-printed Ag paste (left) and
Ni/Cu plating (right).

considered to be a potential candidate for future crystalline silicon photovoltaic cells. Ni/Cu
has shown some good results for solar cell performance in terms of improved FFs and higher
efficiencies. The overall cost per watt-peak (Wp) can also be decreased as the copper is cheaper
than Ag (about 100 times) and is almost equally conductive [26, 27]. It has been reported that
Ni/Cu-in comparison to Ag paste-has higher electrical conductivity and lower contact
resistance, even at lower doping concentrations (Ns) [28]. Cu is usually deposited by a selfaligned electro-plating process which helps to plate electrodes with finer line widths. The
electrodes are plated and processed at lower temperatures (250-450 °C), considerably lower
than the temperatures (700-850 °C) required for Ag pastes. The low temperature process is
favourable for cell processing, as the degradation of the passivation layers can occur at higher
temperatures. Furthermore, the rear side Al contact may be melted as well if Ag pastes are
fired at higher temperatures. Although Cu offers certain advantages, it can create highly active
generation/recombination centres if diffused in silicon [29]. In order to prevent Cu diffusion
in silicon, a barrier layer is required. It has been reported that Ni plays a vital role in reducing
the contact resistance as well acting as an effective diffusion barrier between Cu and silicon
[30]. In Table 1, both the metallization schemes are compared in terms of the advantages and
issues that they offer to crystalline silicon solar cells.
Contacts

Advantages

Challenges
Expensive

Ag contacted cells

Simple process control

Poor aspect ratios

High throughputs

High contact resistance
Lower cell efficiency

Lower price
Ni/Cu plated cells

Lower shading losses

Complex process

High aspect ratios

Back-ground plating

Low contact resistance

Poor adhesion to Si

Higher efficiency potential
Table 1. Comparison of the solar cells fabricated with screen-printed Ag contacts and Ni/Cu metallized solar cells.
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3. Ni/Cu contacting schemes
Cu metallization offers greater resistance against electron migration and has been implement‐
ed widely for ultra-large-scale integrated circuits (ULSIs). However, it has a major weakness
as being a deep-level impurity in silicon and can disturb the electrical performance of the
device. These impurities tend to generate traps which act as generation/recombination centres
and degrade the minority carrier lifetimes in the substrates [31, 32]. To avoid the Cu from being
diffused in the silicon, Ni, as a diffusion barrier, has been employed successfully. Ni not only
acts as a diffusion barrier but also promotes adhesion between Cu and silicon [9, 33]. Cu along
with a Ni seed layer has given some promising results in terms of the efficiency of the
crystalline silicon solar cells. The metallization technique using Ni/Cu metal stacks mainly
involves two steps:
i.

Ni seed layer deposition.

ii.

Cu deposition by LIP.

The two step process (seed and plate) for the metallization of solar cells increases the efficiency
potential considerably [34]. After depositing Ni/Cu metal stacks, a thin capping layer of silver
(Ag) or tin (Sn) is usually electroplated above the Cu. The purpose of this capping layer is to
prevent the Cu metal lines from being oxidized. Moreover, these capping layers help to solder
the interconnecting tabs and also prevent the Cu interacting with the EVA encapsulant. The
processing steps involved in metalizing the Ni/Cu/Ag or Sn metal stacks are shown in Fig. 2.
However, the schematics for these steps are shown in Fig. 3.

Figure 2. Processing steps involved for depositing Ni/Cu/Ag or Sn metal stacks.

Figure 3. Schematic structures of the steps involved in the formation of Ni/Cu/Ag or Sn-based metallization schemes.
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3.1. Ni seed layer deposition
Ni as a seed layer has to be deposited to prevent the diffusion of the Cu in the silicon. There
are a number of ways to effect Ni deposition by adopting the mechanism of oxidation reduction
reactions. The diffusion barriers used as alternatives to Ni include titanium (Ti) and tungsten
(W) [35]. However, Ni has the ability to provide a lower contact resistance to doped silicon
and it works well as a diffusion barrier [28, 36]. Low resistivity ohmic contacts can be made
by initiating a low temperature sintering process after Ni deposition [8, 11, 36-38]. The basic
requirement of the Ni seeding layer formation is a uniform and adequate thickness over the
entire front grid. The effectiveness of the Ni barrier layer can be defined by its role in blocking
Cu diffusion. In this section, various methods adopted to form a Ni diffusion barrier at various
research institutes will be discussed.
3.1.1. Electroless deposition
This type of process is done without the application of any external power source. The process
involves autocatalytic chemical reduction reactions to deposit metal layers. The electroless
plating deposition principle is shown in Fig.4, where the reduction of metal cations occurs by
electrons produced from a reducing agent. The actual electrochemical nature of the process
written for the z-valent metal in the form of two half reactions is also shown in Fig. 4 [39]. The
final product of the reactions comes in the form of metal deposition on the substrates. The most
important feature of the electroless deposition process is that it is capable of metalizing
semiconducting or even non-conducting surfaces, such as plastics, ceramics and glass.

Figure 4. Electroless plating deposition principle for: the oxidation of the reductant and metal layer formation from the
reduction of metal ions [39].

The Ni electroless plating bath is composed of the following bath compositions [40]:
• A source of nickel from nickel sulphate (NiSO4[H2O]6) or nickel chloride, (NiCl2 6H2O).
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• A reducing agent of sodium hypophosphite (NaH2PO2 H2O).
• A buffer or mild complex agent of triammonium citrate [(NH4)3C6H5O7)].
Additionally, a small amount of ammonium hydroxide (NH4OH) is also added to elevate the
pH of the solution. The pH of the plating bath should be maintained at around 8 ~ 10 for bath
stability and uniform deposition rates [10, 16, 41]. The chemical reactions based on catalytic
oxidation-reduction between hypophosphite ions and Ni can be described as the sum of two
simultaneous steps [27]:
+
Step 1 : H2PO-2 + H2O → HPO23 + 2H + H

Step 2 : 2H- + Ni2+→ Ni + H2
Sum : 2H2PO-2 + 2H2O + Ni2+→ Ni + H2 + 4H+ + 2HPO23

(1)

(2)

(3)

3.1.2. Light-induced deposition

Light source along with an electroless deposition process were used to deposit a Ni barrier
layer. The phenomenon of a chemical reaction taking place is the same (catalytic oxidationreduction) as described in the previous section. However, the light source provided here helps
in adjusting the electrochemical potential of the front are rear of the cell and enhances the
plating rates [42]. The electron migration at the surface is controlled by the photo-voltage
generated from the np-junction and the electronegativity of the substrates. Moreover, higher
plating rates can be achieved as these photo-generated electrons enhance the reduction of the
Ni2+ions on the silicon surface [15]. The increase in the plating rates due to light inclusion relives
in the form of operating the bath at lower temperatures. Although a uniform Ni layer at higher
plating rates can be deposited, the process of light-induced electroless plating involves
complexity related to the process’s characterization. Furthermore, the light-induced current
in the LIP process helps to transport electrons only to the n-type surface, which limits the
technique in metallizing n-type surfaces [43]. The light-induced nickel plating (LINP) process
was also investigated by Yu-Han et al., and uniform Ni surfaces of high intrinsic quality were
reported [44].
3.1.3. Laser-assisted deposition
Laser-assisted deposition has also been used to employ the Ni deposition process on a silicon
surface. The process is considered to be feasible for industrial applications, as the anti-reflection
coating (ARC) layer can be ablated along with the Ni deposition. This can reduce the number
of steps involved in cell processing and can help the development of solar cells with mass
production on the industrial scale.
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Here, an electrolyte solution is used where a cell composed of an np-junction is immersed and
a laser beam is applied to pattern the grid at the wafer surface. The application of the laser
beam increases the temperature in the solution and at the wafer surface [20]. The ARC is ablated
due to the heat generated at the laser-exposed surface and increased temperatures in the
electrolyte solution decompose the Ni particles. Furthermore, the light induced in the cell
generates an electron-hole pair, the generated electrons support Ni deposition at the sample
surface. The use of water containing Ni salts is considered to be useful for depositing the Ni
layer on the silicon surface uniformly. There has been some progress reported regarding laser
chemical Ni deposition by various research institutes [45-50], although the process still needs
to matured. Laser chemical metal deposition (LCMD) is a solution for implementation on the
industrial scale since ARC ablation along with Ni deposition can be performed at the same
time. The LCMD process was successfully implemented at Fraunhofer ISE to form Ni-based
Cu metallization with 17.9% efficient cells on CZ substrates [51]. Röder et al. also reported a
laser-based method to deposit a Ni layer with thinner finger widths (< 30 µm) with a low
temperature process known as ‘laser transfer contact’ (LTC) [52].
3.2. Nickel sintering
In order to form a contact between the deposited Ni and silicon, a sintering step is required to
form Ni silicide [38, 53, 54]. This sintering process helps to form an alloy of Ni and silicon and
it act as a seed layer for the Cu. Furthermore, the sintering process reduces the contact
resistance between the metals and the silicon interface [33]. The process involves heat treatment
in the ambiance of N2 gas, and Ni is known to form various phases at different temperatures
[55]. Three different phases of Ni2Si (~300 °C), NiSi (300~700 °C) and NiSi2 (~700 °C) can be
realized after the sintering process. The NiSi phase offers the lowest resistivity (~14 µΩ.cm2)
among all three phases and is suitable for solar cell applications [10].
3.3. Copper electroplating
Subsequent to the Ni seed layer’s formation with the sintering process, the deposition of a
suitable metal is required in order to further reduce the line resistance of the front grid.
Materials such as Ag and Cu have been deposited by using electroplating arrangements. Cu
is under consideration, since it is relatively cheap in comparison to Ag and it can reduce the
overall cell costs drastically. To deposit Cu, an electrolytic metal deposition method can be
used. Here, a sample composed of a np-junction and a Cu anode is immersed into an admixed
solution of copper sulphate (CuSO4[H2O]5) and sulphuric acid (H2SO4) [56]. The CuSO4[H2O]5)
supplies, the Cu (positively charged) and SO4 (negatively charged) ions for the electroplating
process. A positive potential is applied at the anode while the sample is kept at the negative
terminal. This applied potential attracts the positively charged Cu ions towards the cathode
and the negatively charged SO4 ions towards the anode. According to the reactions shown in
Eq. 4, the Cu deposition occurs at the cathode due to the reduction of Cu ions [39].

Cu 2+ + 2e → Cu

(4)
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Figure 5. Schematic arrangements of Cu-based light-induced electroplating systems.

The Cu electroplating is mostly done by the approach implementing LIP arrangements as
shown in Fig. 5. The LIP process works on the same principle as the conventional electroplating
process; however, the inclusion of a light source enables the utilization of the photo-generation
property of the solar cell. This process, developed at Fraunhofer ISE, includes the immersion
of a patterned cell into the electrolyte plating with the light source arrangements. A protective
potential is applied at the sample in order to make the rear-side of the cell more cathodic, which
helps in minimizing the corrosion of the aluminium back-electrode. Furthermore, the plating
can also be done relatively uniformly, as this potential operates the cell closer to its short-circuit
conditions [43]. As to having a uniform voltage distribution across the grid pattern, the LIP
process also provides stable baths with no reducing agents. LIP is an encouraging method,
particularly for the solar cell metallization since it helps to deposit metal with higher aspect
ratios and higher deposition rates.
3.4. Anti-reflection coating (ARC) patterning
The conventional Ag metal contacts are usually formed by screen-printing and firing the Ag
pastes through SiNx passivation layers. However, Ni/Cu-based metallization requires a
separate step to open the ARC/passivation layer in order to form the contact grid. A simple
example could be a mask and etch sequence [42]. Under this method, the passivated front
surface of the cell is patterned with a photolithography process and the unprotected passivated
layer is etched away using wet etching. Later on, the photoresist (PR) material is stripped away
in an organic solvent solution (the process sequence is described in Fig. 6). For patterning the
front contact grids, various approaches have been adopted. These approaches can be catego‐
rized as wet etching, direct etching, mechanical scribing and laser-assisted etching. All these
etching methods will be discussed in this section of the chapter.
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Figure 6. Mask and etch process sequence: (a) solar cell with a passivation layer, (b) front-electrode patterning with a
photolithography process, (c) exposed ARC etching, and (d) PR removal.

3.4.1. Wet etching
The process of wet etching involves the front-electrode grid opening in the passivation layers
through a wet chemical solution (e.g., hydrofluoric acid). An example of a mask and etch
sequence using a photolithography process has already been discussed. The photolithography
process has the ability to open finger lines with lower widths (reduced shading losses).
Although the photolithography-based grid patterning has shown great results in the form of
higher efficiencies, nonetheless the process complexity limits its implementation on the
industrial scale. Other methods, such as the use of etch resists deposited by either screen
printing or ink-jet printing followed by ARC etching by wet chemical treatment, have also
been employed [57, 58]. The ink-jet by aerosol jet printing has also been used to etch away the
contact grids by non-contact writing for front metallization [23, 57]. The wet etching methods
involve some cleaning steps, which restrict their implementation on the industrial scale.
3.4.2. Direct etching
The application of appropriate etching pastes can also be helpful in etching away the passi‐
vation layer directly [59-61]. The process is done by applying phosphoric acid-based etch
pastes on the ARC layer followed by temperature curing (at 300~390 °C) to etch away the
desired passivation layer. Thinner finger lines (85 µm wide) have been realized by screen
printing a phosphoric acid paste and curing at 350 °C for 90 seconds on a textured surface [58].
Another form of the direct etching of the passivation layer was reported which uses a watersoluble acidic polymer with a fluoride-based solution for the etching of SiNx and SiOx layers
[62]. The method uses the fluoride-based solution-it is safer to handle in comparison to HF-
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based etching solutions. Furthermore, lower expenses are involved and the method produces
less waste.
3.4.3. Laser ablation
Laser-based front-contact openings and metal deposition are considered to constitute the most
appropriate method for fabricating cells with Ni/Cu contacts on the industrial scale. In 1990,
laser-based contact patterning was done for EFG polycrystalline silicon solar cells [63]. The
laser process was used to fabricate laser-grooved buried contact (LGBC) solar cells at the
University of New South Wales (UNSW), Australia [64]. Later on, a BP Solar was involved to
produce LGBC solar modules commercially [65].
Laser-based ARC ablation can not only help in patterning the grid more easily with Ni
deposition, but can also assist in producing cells with higher efficiencies. Thin-width laser
grooves for the LGBC cells and selective emitter doping can be performed with the laser-based
process for solar cell applications. Thinner finger lines and selective emitter doping ensure that
a high open-circuit voltage (Voc) and higher efficiencies can be realized. Moreover, the heavy
diffusion step for selective emitter solar cells can be conducted relatively easily [66, 67]. At
Fraunhofer ISE, laser chemical processing (LCP) was demonstrated involving the performance
of local etching by the use of phosphorus doping and laser grooving with damage free silicon
microstructuring [68]. LCMD and LTC methods were also adopted to pattern the front-contact
grid and Ni seed layer deposition simultaneously for solar cell applications [51, 52].
3.4.4. Mechanical scribing
The front and rear contacts of the solar cells can be patterned by a process called ‘mechanical
scribing’. Here, an artificial diamond tip is used to scribe a uniform and shallow depth over a
given surface area. The method has the advantage of process simplicity and it can be helpful
in patterning the solar cell surface with high throughputs. A mechanical scribing method was
used to make grooves for buried contact solar cells [69]. Passivated emitter rear-cell (PERC)
solar cells with a back-contact formed by a mechanical scribing process were also reported [11].
Solar cell efficiencies of more than 20% were achieved for such PERC solar cells. An artificial
diamond tip of about 10 µm was used to pattern SiOx and SiNx passivation layers, while Sienriched SiNx layers were found to be etched away easily. Solarex Corporation, USA, used a
diamond blade to form deep grooves with widths within the range of 25-45 µm for solar cell
applications [70]. Mechanical V-texturing for buried contact solar cells on multi-crystalline
silicon with a record 17.5% efficiency was also reported [71].

4. Potential and commercial aspects
Copper can be the best alternative to silver in the front-electrode formation of crystalline silicon
solar cells. The main motivation derives from the fact that it exhibits conductivity almost equal
to silver, while its cost is about 100 times lower. The higher efficiency potential of the copper
in terms of lower shading losses and higher FFs also provides additional benefits compared
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to its counterparts. However, the commercialization of Cu-plated contacts is limited at present.
In this portion of the chapter, the potential of Cu plating for crystalline solar cells will be
discussed. State-of-the-art research developments in the field of crystalline silicon solar cells
composed of Ni/Cu-plated contacts will be addressed.
4.1. High efficiency potential with n-type substrates
In recent years, the growth and increase in efficiency of silicon solar cells have been observed.
N-type silicon substrates have emerged as a potential material offering considerable advan‐
tages for high efficiency photovoltaic module production on the industrial scale [72]. Based
upon n-type silicon substrates, SunPower and Panasonic have already presented 24.4% IBC
[73] and 24.7% HIT [74] solar cells, respectively.
Ni is known to form ohmic contacts to both p-and n-type silicon surfaces [75]. However,
Ni/Cu metallization schemes for n-type substrates can play an important role in cost reduction
and the improvement in the efficiency of cells (improved FF, less shadowing). It has been
observed that a base material of n-type against p-type silicon has improved stability in relation
to thermal Ni contact formation [76]. For a boron-doped p+emitter on n-type silicon substrates,
contact resistivity of up to 0.6 mΩcm2 has been achieved [77]. An efficiency of 20.5% with a FF
of 79.2% has already been achieved for a n-type rear-junction cell composed of Ni/Cu/Ag metal
contacts [78].
4.2. Current industrial trends
Additional steps for front-contact patterning and Ni seed layer formation with a sintering step
followed by Cu electroplating makes the process more complex for Ni/Cu metallized silicon
solar cells. At present, Ni/Cu contacts have seen limited implementation on the industrial scale.
Modules based on laser-grooved buried grid (LDBG) cells from BP Solar were only produced
commercially [79]. However, there has been a lot of progress in terms of increases in solar cell
efficiencies. More than 20% efficiencies have already been achieved at Fraunhofer ISE,
Interuniversity Microelectronics Centre (IMEC), Kaneka, Roth & Rau Research and Schott
Solar [78, 80-83]. Many research institutes have been involved in investigating metallization
schemes composed of Ni/Cu metal stacks [8, 10, 13, 42, 84-90].
Thus far, efficiencies of up to 23.5% for a Cu-plated heterojunction-type solar cell have been
achieved by Kaneka [80]. Roth & Rau Research also came up with a 22.3% efficient hetero‐
junction cell with Ni/Cu contacts [81]. For a passivated emitter rear cell (PERC), solar cell
structure efficiencies above 20% have already been demonstrated by Fraunhofer ISE, Schott
Solar and IMEC. Fraunhofer ISE and Schott Solar presented efficiencies of 21.4% [82] and 21.3%
[91], respectively. However, at IMEC, an industrially applicable Ni/Cu-plated i-PERC-type
solar cell with an average efficiency of 20.5% (more than 100 cells) and a best cell efficiency of
20.79% has been fabricated [83]. IMEC also investigated the application of Ni/Cu contacts for
a rear-junction solar cell on a n-type substrate and achieved a best cell efficiency of 20.5% [78].
Ni/Cu metal stacks were also applied to contact laser-doped selective emitter (LDSE) solar
cells. LDSE-type solar cells with efficiencies of 19.8% and 19.64% were developed at Hyundai
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Heavy Industries and Shinsung Solar, respectively [86, 92]. A 19.33% efficient LDSE-type solar
cell with Ni/Cu contacts was presented at the UNSW [93]. More recently, a laser-doped Cuplated bifacial silicon solar cell exceeding 19% efficiency was developed at UNSW [94]. Solar
cells consisting of Cu-plated contacts and exceeding 20% efficiency are presented in Table 2.

Research Centre

Type

Voc (mV)

Jsc (mA/cm2)

Fill Factor (%)

Efficiency (%)

References

Kaneka

Hetero-junction

737

39.97

79.77

23.5

[80]

Roth & Rau

Hetero-junction

734

38.1

79.9

22.3

[81]

Fraunhofer ISE

PERC

679

38.8

81.5

21.4

[82]

Schott Solar

PERC

665

39.9

80.5

21.3

[91]

IMEC

PERC

649.8

39.3

78.3

20.79

[83]

IMEC

Rear Junction

676

38.4

79.2

20.5

[78]

Fraunhofer ISE

-

646.4

38.86

80.8

20.3

[42]

Table 2. Solar cells consisting of Cu-plated contacts exceeding 20% efficiency.

5. Challenges and open research issues
Higher efficiencies for Ni/Cu contacts have been achieved, with a reported cell efficiency as
high as 23.5% for a heterojunction solar cell on CZ wafers [80]. The potential high efficiency
and lower processing costs of Ni/Cu-based metallization compared to its screen printing
counterpart is striking; however, there are certain factors that limit its implementation on the
industrial scale. It is assumed that replacing Ag-based metallization by Ni/Cu contacts could
reduce the overall cost, yet the cost of ownership for Ni/Cu contacts needs to be reviewed. If
it only concerns material costs, Ni/Cu may be beneficial. However, the additional process
complexity and the replacement of an Ag screen printer/dryer with equipment comprising a
laser, plating arrangements and a sintering furnace should be kept in mind. Apart from the
issue of process complexity, in addition contact adhesion, background plating and-more
importantly – long-term reliability need to be addressed.
5.1. Process complexity
To realize Ni/Cu metal contact for solar cell applications, a number of processing steps are
required. Steps such as ARC opening, Ni deposition/sintering and Cu electroplating are
required. These steps make the process more complex and difficult to implement in mass
production. To realize such a metallization scheme on the industrial scale, the processing steps
need to be minimized. The use of lasers for depositing a Ni seed layer could help to decrease
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these processing steps to some extent by combining ARC ablation and the Ni deposition
process [45]. The conventional electroless plating techniques might be replaced with lightassisted electroless plating for faster and uniform plating. At IMEC, a simple copper metalli‐
zation process with higher cell efficiencies and a reliable module was presented [95].
5.2. Contact adhesion
Cu exhibits poor adhesion to silicon and requires a seed layer to form an effective and adhesive
metal contact. However, Ni has shown some promising results in providing ohmic contact
with good adherence to silicon. Further improvements are required to satisfy the standard
heat-quenching and peel force tests. Bath-ageing, acidity and residues on the substrate surface
have been found to affect contact adhesion adversely [96, 97]. Various research institutes are
currently working to improve the adhesion between Cu and silicon in order to resolve this
issue completely. So far, IMEC has presented Ni/Cu metals stacks with adhesions within the
range of 1~2.7 N/mm [89]. A research team at Fraunhofer ISE has also presented a two-stage
process for etching the back of unreacted Ni and re-plating it [98]. Adhesion strengths of up
to 2.5 N/mm were achieved by adopting just such a two-stage process at Fraunhofer ISE.
5.3. Background plating
Background plating-also known as ‘ghost plating’ or ‘parasitic plating’-is an unwated copper
plating that occurs at the passivation layers. Inhomogeneities at the SiNx surface, silicon
residuals and cracks are mainly responsible for background plating [99, 100]. The phenomenon
may affect cell performance by creating undesirable shading and can divest the solar cell
aesthetically. The shading affects cell performance by causing a reduction in the short-circuit
current density and can also lead to junction shunting due to metal diffusion [101]. Further‐
more, the localized metal silicon contact due to this undesired plating increases the recombi‐
nation velocity at the surface. The point-like effects and cracks on the samples are the two main
types of background plating [99].
An appropriate cleaning step is required before applying the passivation layers to remove
forms of silicon residuals. Cleaning in a chemical solution, such as piranha (an admixed
solution of H2O2 and H2SO2) is one way to clean the sample surface properly [99]. Another way
to reduce pinholes on the SiNx surface might be the deposition of thin (10~15 nm) silicon
dioxide on diffused silicon before SiNx deposition [101]. Mechanical stress during the ultra‐
sonic step should be minimized and wafers should be handled carefully to avoid the microcracks which cause the undesired metal plating [99, 102].
5.4. Reliability of Ni/Cu contacts
Long-term reliability for Ni/Cu metal stacks is a very important feature and should be
considered while evaluating the solar module lifetime. Cu is known to create deep-level
impurities if diffused in silicon. Solar cell modules have to fulfil the criteria defined in the form
of the IEC 61215 test [103]. The IEC 61215 requirements are to satisfy the conditions of either
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1,000 hours damp-heat exposure at 85 °C with 85% relative humidity or a ≤5% pmax loss after
200 thermal cycles between-40 °C and 85 °C.
Limited progress in terms of reliability for the Ni/Cu contacts has been made, with few reports
made so far [81-83]. Fraunhofer ISE and IMEC have tested solar modules according to the
criteria defined by the IEC 61215 reliability test. Both Fraunhofer ISE and IMEC have come up
with satisfactory results after damp heat exposure and thermal cycling tests [82, 83]. In another
report, reliable Ni/Cu contacts for a heterojunction solar cell were presented which successfully
passed the damp heat test when conducted for 3,000 hours [81]. In a report from RENA GmbH,
Germany, modules comprising Ni/Cu/Sn metal stacks successfully passed the module
reliability test, confirming that no Cu diffusion had occurred in the silicon [104].

6. Summary and outlook
A detailed overview of research activities in the field of Ni/Cu-based metallization for
crystalline silicon solar cells has been presented. Many research groups across the globe have
taken on the challenge of working on crystalline silicon solar cells with Ni/Cu contacts. The
Ni/Cu plating, which was the topic of this section, has enormous potential in realizing
improved solar cell efficiency and low cell and module costs. The generic built-up process for
such metallization starts from the deposition of the Ni seed layer, which offers lower contact
resistance when sintered at specific temperatures. A Cu metal is electroplated on top of this
stack and after confining this layer by a top Ag or Sn capping layer. The Ni seed layer acts as
a potential barrier to block Cu diffusion into the silicon and the capping layer prevents the Cu
from being oxidized.
Progress has been made with various deposition options available for Ni in promoting
adhesion and a diffusion barrier to the Cu. Electroless chemical baths containing Ni salts
and a reducing agent of NaH2PO2 H2O offer a cost-effective deposition process. The
inclusion of light source in the electroless plating process results in uniform and faster
deposition by utilizing the photovoltaic effect of the solar cell. Various new patterning
techniques are available, including the use of etching pastes, aerosol jet and laser-based
chemical metal deposition. Laser-assisted chemical metal deposition provides an opportuni‐
ty to pattern the front contact grid and to deposit the Ni seed layer together. Ni deposi‐
tion and ARC patterning in a single step is the solution to minimizing the processing steps
and reducing the process complexity. It can provide the opportunity for cell production on
the industrial scale.
Promising results in the form of solar cells with a higher FF and improved efficiency have been
reported recent years. FFs of the range approaching 80% and efficiencies above 20% have
already been reached at various research institutes. More recently, at IMEC, an industryfeasible Ni/Cu plating scheme for i-PERC-type solar cells with a best cell efficiency of 20.5%
has been presented.
If we consider material cost and cell performance, Cu as an electrode seems to be the best
alternative to the existing screen-printed Ag contacts. However, its implementation on the
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industrial scale is still limited by a number of obstacles. Recent reports suggest that there has
been progress in finding a solution to the hurdles of background plating and adhesion. Surface
pre-treatment prior to passivation layer deposition and the low stress handling of the samples
yielded an ARC surface with decreased background plating. A uniform Ni seed layer covering
the contact area resulted in good adhesion strengths of the Cu lines to n-type and p-type
emitters. However, the challenge of finding sustainable and reliable contacts is vital in creating
viable Ni/Cu contacts for solar cells on the industrial scale.

Acknowledgements
The authors would like to thank all the members of the Green Strategic Energy Research
Institute, Sejong University, Seoul, Korea. We gratefully acknowledge the financial support of
the Ministry of Trade, Industry and Energy, the New and Renewable Energy Core Technology
Programme of the Korea Institute of Energy Technology, Evaluation and Plating (KETEP) (No.
20133010011780) and the Korea Evaluation Institute of Industrial Technology (KEIT) (No.
10043793), Republic of Korea.

Author details
Atteq ur Rehman and Soo Hong Lee*
*Address all correspondence to: shl@sejong.ac.kr
Green Strategic Energy Research Institute, Department of Electronics Engineering, Sejong
University, Seoul, Korea

References
[1] Kamp, M., Bartsch, J., Nold, S., Retzlaff, M., Hörteis, M., Glunz, S. Economic evalua‐
tion of two-step metallization processes for silicon solar cells. Energy Procedia. 2011,
8, 558-64.
[2] International Technology Roadmap for Photovoltaic (ITRPV) Home Page. Available
online: http://www.itrpv.net/ (Accessed on 01 July 2014).
[3] First Work Shop on Metallization. Available online: http://www.metallizationwork‐
shop.eu/previous-workshops/1st-edition/ (Accessed on 01 July 2014)
[4] Beaucarne, G., Hoornstra, J., Schubert, G. Lessons from the 2nd workshop on metalli‐
zation of crystalline silicon solar cells. Futur. Photovolt. 2010.

293

294

Solar Cells - New Approaches and Reviews

[5] Beaucarne, G., Schubert, G., Hoornstra, J., Horzel, J., Glunz, S.W. Summary of the
third workshop on metallization for crystalline silicon solar cells. Energy Procedia.
2012, 21, 2-13.
[6] Fourth Workshop on Metallization. Available online: http://www.metallizationwork‐
shop.eu/ (Accessed on 01 July 2014)
[7] Raval, M.C., Solanki, C.S. Review of Ni-Cu Based Front Side Metallization for c-Si So‐
lar Cells. Journal of Solar Energy. 2013, 2013.
[8] Chaudhari, V.A., Solanki, C.S. A novel two step metallization of Ni/Cu for low con‐
centrator c-Si solar cells. Solar Energy Materials and Solar Cells. 2010, 94, 2094-101.
[9] Lee, E., Kim, D., Lee, S. Ni/Cu metallization for low-cost high-efficiency PERC cells.
Solar energy materials and solar cells. 2002, 74, 65-70.
[10] Kim, D., Lee, E., Kim, J., Lee, S. Low-cost contact formation of high-efficiency crystal‐
line silicon solar cells by plating. Journal of the Korean Physical Society. 2005, 46,
1208-12.
[11] Lee, S. Cost effective process for high-efficiency solar cells. Solar Energy. 2009, 83,
1285-9.
[12] Rehman, A.U., Lee, S. H. Review of the Potential of the Ni/Cu Plating Technique for
Crystalline Silicon Solar Cells. Materials. 2014, 7, 1318-41.
[13] Janušonis, J., Galdikas, A., Juzumas, V., Jaraminė, L., Lukštaraupis, T., Andrijauskas,
D., et al. Electroless copper contacts for low concentration silicon solar cells. In: 8th
international conference on concentrating photovoltaic systems: cpv-8, AIP Publish‐
ing, 2012, Vol. 1477, pp. 53-6.
[14] Kim, A., Lee, S.J., Choi, E., Pyo, S.G. Characterization and Selective Properties of
Electroless Deposited All Wet Contact Electrode. Journal of The Electrochemical Soci‐
ety. 2014, 161, D118-D24.
[15] Iwasa, H., Yokozawa, M., Teramoto, I. Electroless nickel plating on silicon. Journal of
The Electrochemical Society. 1968, 115, 485-8.
[16] Sullivan, M.V., Eigler, J.H. Electroless nickel plating for making ohmic contacts to sil‐
icon. Journal of the electrochemical Society. 1957, 104, 226-30.
[17] Boulord, C., Kaminski, A., Canut, B., Cardinal, S., Lemiti, M. Electrical and structural
characterization of electroless nickel–phosphorus contacts for silicon solar cell metal‐
lization. Journal of The Electrochemical Society. 2010, 157, H742-H5.
[18] Minsek, D. Light induced electroless plating. US Patent US20110052835 A1, 29 Au‐
gust 2009.

Crystalline Silicon Solar Cells with Nickel/Copper Contacts
http://dx.doi.org/10.5772/59008

[19] Yao, Y., Sugianto, A., Lennon, A., Tjahjono, B., Wenham, S. Use of inductively cou‐
pled plasma measurements to characterise light induced plating for silicon solar
cells. Solar Energy Materials and Solar Cells. 2012, 96, 257-65.
[20] Rudolph, D., Alemán, M., Bay, N., Mayer, K., Glunz, S. Laser-induced nickel deposi‐
tion from an aqueous electrolyte for the front-side metallization of silicon solar cells.
In: Proceeding of the 23th European Photovoltaic Solar Energy Conference, Valencia,
Spain, 2008.
[21] Yao, Y., Rodriguez, J., Cui, J., Lennon, A., Wenham, S. Uniform plating of thin nickel
layers for silicon solar cells. Energy Procedia. 2013, 38, 807-15.
[22] Mette, A., Schetter, C., Wissen, D., Lust, S., Glunz, S., Willeke, G. Increasing the effi‐
ciency of screen-printed silicon solar cells by light-induced silver plating. In:, Confer‐
ence Record of the IEEE 4th World Conference on Photovoltaic Energy Conversion,
IEEE, 2006, Vol. 1, pp. 1056-9.
[23] Hörteis, M., Glunz, S.W. Fine line printed silicon solar cells exceeding 20% efficiency.
Progress in Photovoltaics: Research and Applications. 2008, 16, 555-60.
[24] Neuhaus, D.-H., Münzer, A. Industrial silicon wafer solar cells. Advances in OptoE‐
lectronics. 2008, 2007.
[25] Hilali, M.M., Rohatgi, A., To, B. A review and understanding of screen-printed con‐
tacts and selective-emitter formation. In: 14th workshop on crystalline silicon solar
cells and modules, Winter Park, Colorado 2004, Vol. 1617, pp. 80401-3393.
[26] Bartsch, J., Mondon, A., Schetter, C., Hörteis, M., Glunz, S. Copper as conducting lay‐
er in advanced front side metallization processes for crystalline silicon solar cells, ex‐
ceeding 20% on printed seed layers. In: 35th IEEE Photovoltaic Specialists
Conference (PVSC), 2010, pp. 001299-303.
[27] Rehman, A., Lee, S. Review of the Potential of the Ni/Cu Plating Technique for Crys‐
talline Silicon Solar Cells. Materials. 2014, 7, 1318-41.
[28] Tous, L., Recaman Payo, M., Ngamo, M., Hernandez, J.L., Poortmans, J., Mertens,
R.P. Evaluating contact resistance using epitaxially grown phosphorous emitters. In:
Proceedings of the 26th European Photovoltaic Solar Energy Conference, Hamburg,
Germany, 2011.
[29] Weber, E.R. Transition metals in silicon. Applied Physics A. 1983, 30, 1-22.
[30] Grenon, L., Sakiotis, N., Coleman, M. Reliability of silicon solar cells with a plated
nickel-copper metallization system. In: 15th Photovoltaic Specialists Conference,
1981, Vol. 1, pp. 522-6.
[31] Schibli, E., Milnes, A. Deep impurities in silicon. Materials Science and Engineering.
1967, 2, 173-80.

295

296

Solar Cells - New Approaches and Reviews

[32] Abd El Rehim, S., Sayyah, S., El Deeb, M. Electroplating of copper films on steel sub‐
strates from acidic gluconate baths. Applied surface science. 2000, 165, 249-54.
[33] Schroder, D.K., Meier, D.L. Solar cell contact resistance—a review. Electron Devices,
IEEE Transactions on. 1984, 31, 637-47.
[34] Glunz, S., Aleman, M., Bartsch, J., Bay, N., Bayer, K., Bergander, R., et al. Progress in
advanced metallization technology at Fraunhofer ISE. In: Photovoltaic Specialists
Conference, 2008. PVSC'08. 33rd IEEE, IEEE, 2008, pp. 1-4.
[35] Mulligan, W.P., Cudzinovic, M.J., Pass, T., Smith, D., Swanson, R.M. Metal contact
structure for solar cell and method of manufacture. Google Patents, 2008.
[36] Nguyen, A., Rane-Fondacaro, M., Efstathiadis, H., Haldar, P., Michaelson, L., Wang,
C., et al. Formation of a low ohmic contact nickel silicide layer on textured silicon
wafers using electroless nickel plating. Proc. of the 25th EPVSEC. 2010, 2672-5.
[37] Chaudhari, V.A., Solanki, C.S. Two Step Metallization using Ni/Cu and Ni/Ag front
contacts for conversion of commercial C-Si solar cell to low concentrator solar cell. In:
Proceedings of the 23rd European Photovoltaic Conference and Exhibition, 2008, pp.
1-5.
[38] Tous, L., van Dorp, D., Russell, R., Das, J., Aleman, M., Bender, H., et al. Electroless
nickel deposition and silicide formation for advanced front side metallization of in‐
dustrial silicon solar cells. Energy Procedia. 2012, 21, 39-46.
[39] Kannan, N. Electroplating: basic principles, processes and practice, Elsevier, 2004.
[40] Schlesinger, M. Electroless deposition of nickel. Modern Electroplating. 2000, 4,
667-84.
[41] Kim, D.H., Lee, S.H. Investigation on plated Ni/Cu contact for mono-crystalline sili‐
con solar cells. Electronic Materials Letters. 2013, 9, 677-81.
[42] Bartsch, J., Mondon, A., Godejohann, B., Hörteis, M., Glunz, S. Advanced front side
metallization for crystalline silicon solar cells based on a fully plated contact. In: Pro‐
ceedings of the 25th European PV Solar Energy Conference and Exhibition, Valencia,
Spain, 2010, pp. 6-10.
[43] Lennon, A., Yao, Y., Wenham, S. Evolution of metal plating for silicon solar cell met‐
allisation. Progress in Photovoltaics: Research and Applications. 2013, 21, 1454-68.
[44] Su, Y.-H., Ma, W.-Y., Yang, T.-N., Lan, S.-M. An investigation of the mechanisms of
light-induced nickel plating on P-type silicon substrates. Int. J. Electrochem. Sci. 2012,
7, 10711-21.
[45] Ochoa-Martínez, E., Wehkamp, N., Ramos-Barrado, J., Bartsch, J. Progress on Laser
Assisted Nickel Seed Layer Deposition for Front Contact Copper Plating. Energy
Procedia. 2013, 38, 777-86.

Crystalline Silicon Solar Cells with Nickel/Copper Contacts
http://dx.doi.org/10.5772/59008

[46] Kordás, K., Remes, J., Leppävuori, S., Nánai, L. Laser-assisted selective deposition of
nickel patterns on porous silicon substrates. Applied surface science. 2001, 178, 93-7.
[47] Karlicek, R., Donnelly, V., Collins, G. Laser‐induced metal deposition on InP. Journal
of Applied Physics. 1982, 53, 1084-90.
[48] Kordás, K., Leppävuori, S., Békési, J., Nánai, L., Remes, J., Vajtai, R., et al. Nickel dep‐
osition on porous silicon utilizing lasers. Applied surface science. 2002, 186, 232-6.
[49] Wang, J., Fei, X., Yu, Z., Zhao, G. Laser-induced selective deposition of Ni P alloy on
silicon. Applied surface science. 1995, 84, 383-9.
[50] Knorz, A., Peters, M., Grohe, A., Harmel, C., Preu, R. Selective laser ablation of SiNx
layers on textured surfaces for low temperature front side metallizations. Progress in
Photovoltaics: Research and Applications. 2009, 17, 127-36.
[51] Wehkamp, N., Fell, A., Bartsch, J., Granek, F. Laser chemical metal deposition for sili‐
con solar cell metallization. Energy Procedia. 2012, 21, 47-57.
[52] Röder, T., Hoffmann, E., Konrad, B., Köhler, J. Low temperature laser metallization
for silicon solar cells. Energy Procedia. 2011, 8, 552-7.
[53] Foggiato, J., Yoo, W.S., Ouaknine, M., Murakami, T., Fukada, T. Optimizing the for‐
mation of nickel silicide. Materials Science and Engineering: B. 2004, 114, 56-60.
[54] Lee, J.D., Kwon, H.Y., Lee, S.H. Analysis of front metal contact for plated Ni/Cu sili‐
con solar cell. Electronic Materials Letters. 2011, 7, 349-52.
[55] Léonard, F., Talin, A.A. Electrical contacts to one-and two-dimensional nanomateri‐
als. Nature nanotechnology. 2011, 6, 773-83.
[56] Oh, W.-J., Lee, S.-H. Investigation of selective emitter in single step diffusion process
for plated Ni/Cu metallization crystalline silicon solar cells. Current Applied Physics.
2013, 13, S186-S9.
[57] Mette, A., Richter, P., Hörteis, M., Glunz, S. Metal aerosol jet printing for solar cell
metallization. Progress in Photovoltaics: Research and Applications. 2007, 15, 621-7.
[58] Bähr, M., Kim, S., Sridharan, S., Khadilkar, C., Shaikh, A., Köhler, I., et al. A new ap‐
proach for the front side metallization of industrial type silicon solar cells using a
structurization by etching. In: Proceedings of the 22nd European Photovoltaic Solar
Energy Conference, Milan, Italy, 2007, pp. 1015-9.
[59] Neckermann, K., Correia, S., Andra, G. Local structuring of dielectric layers on sili‐
con for improved solar cell metallization. Proc. 22nd EPVSEC, Milan. 2007.
[60] Park, S., Cho, E., Kim, D. Toward a High Efficiency Siliocn Solar Cells-Simplified Cell
Processing using Paste Contained Phosphorous Compounds. In: Photovoltaic Energy
Conversion, Conference Record of the 2006 IEEE 4th World Conference on, IEEE,
2006, Vol. 1, pp. 1231-3.

297

298

Solar Cells - New Approaches and Reviews

[61] Book, F., Raabe, B., Hahn, G. Two diffusion step selective emitter: comparison of
mask opening by laser or etching paste. In: 23rd EUPVSEC, Valencia, Spain, 2008.
[62] Lennon, A.J., Ho-Baillie, A.W., Wenham, S.R. Direct patterned etching of silicon di‐
oxide and silicon nitride dielectric layers by inkjet printing. Solar Energy Materials
and Solar Cells. 2009, 93, 1865-74.
[63] Dubé, C., Gonsiorawski, R. Improved contact metallization for high efficiency EFG
polycrystalline silicon solar cells. In: Photovoltaic Specialists Conference, 1990., Con‐
ference Record of the Twenty First IEEE, IEEE, 1990, pp. 624-8.
[64] Chong, C.M., Wenham, S.R., Green, M.A. High-efficiency, laser grooved, buried con‐
tact silicon solar cells. Applied physics letters. 1988, 52, 407-9.
[65] Jordan, D., Nagle, J. New generation of high‐efficiency solar cells: Development,
processing and marketing. Progress in Photovoltaics: Research and Applications.
1994, 2, 171-6.
[66] Pirozzi, L., Arabito, G., Artuso, F., Barbarossa, V., Besi-Vetrella, U., Loreti, S., et al.
Selective emitters in buried contact silicon solar cells: Some low-cost solutions. Solar
energy materials and solar cells. 2001, 65, 287-95.
[67] Colville, F. Laser-assisted selective emitters and the role of laser doping. Photovolta‐
ics International. 2009, 5, 1-7.
[68] Kray, D., Fell, A., Hopman, S., Mayer, K., Willeke, G., Glunz, S. Laser chemical proc‐
essing (LCP)—a versatile tool for microstructuring applications. Applied Physics A.
2008, 93, 99-103.
[69] Green, M.A., Wenham, S.R. Buried contact solar cell. Google Patents, 1988.
[70] Narayanan, S., Wohlgemuth, J., Creager, J., Roncin, S., Perry, J. Buried contact solar
cells. In: Photovoltaic Specialists Conference, 1993., Conference Record of the Twenty
Third IEEE, IEEE, 1993, pp. 277-80.
[71] Jooss, W., Fath, P., Bucher, E., Roberts, S., Bruton, T. Large area multicrystalline sili‐
con buried contact solar cells with bulk passivation and an efficiency of 17.5%. In:
Photovoltaic Specialists Conference, 2002. Conference Record of the Twenty-Ninth
IEEE, IEEE, 2002, pp. 202-5.
[72] Geerligs, L., Romijn, I.G., Burgers, A., Guillevin, N., Weeber, A.W., Bultman, J.H., et
al. Progress in low-cost n-type silicon solar cell technology. In: Photovoltaic Special‐
ists Conference (PVSC), 2012 38th IEEE, IEEE, 2012, pp. 001701-4.
[73] Cousins, P., Smith, D., Luan, H.-C., Manning, J., Dennis, T., Waldhauer, A., et al.
Generation 3: Improved performance at lower cost. In: Photovoltaic Specialists Con‐
ference (PVSC), 2010 35th IEEE, IEEE, 2010, pp. 000275-8.

Crystalline Silicon Solar Cells with Nickel/Copper Contacts
http://dx.doi.org/10.5772/59008

[74] Taguchi, M., Yano, A., Tohoda, S., Matsuyama, K., Nakamura, Y., Nishiwaki, T., et al.
24.7% record efficiency HIT solar cell on thin silicon wafer. IEEE Journal of Photovol‐
taics. 2014, 4, 1-4.
[75] Dhar, S., Chakrabarti, S. Electroless Ni plating on n-and p-type porous Si for ohmic
and rectifying contacts. Semiconductor science and technology. 1996, 11, 1231.
[76] Rauer, M., Mondon, A., Schmiga, C., Bartsch, J., Glatthaar, M., Glunz, S.W. Nickelplated front contacts for front and rear emitter silicon solar cells. Energy Procedia.
2013, 38, 449-58.
[77] Seren, S., Braun, S., Schiele, Y., Hahn, G., Terheiden, B. Nickel Plating on P+Silicon: A
Characterization of Contact Resistivity and Line Resistance. In: Proceedings of the
27th European Photovoltaic Solar Energy Conference and Exhibition, Frankfurt, Ger‐
many, 2012, pp. 24-8.
[78] Aleman, M., Tous, L., Cornagliotti, E., Duerinckx, F., John, J., Posthuma, N., et al.
Large-area high-efficiency n-type Si rear junction cells featuring laser ablation and
Cu-plated front contacts. In: 28th European Photovoltaic Solar Energy Conference
and Exhibition-EUPVSEC, 2013, pp. 731-5.
[79] Bruton, T., Mason, N., Roberts, S., Hartley, O.N., Gledhill, S., Fernandez, J., et al. To‐
wards 20% efficient silicon solar cells manufactured at 60 MWp per annum. In: Pho‐
tovoltaic Energy Conversion, 2003. Proceedings of 3rd World Conference on, IEEE,
2003, Vol. 1, pp. 899-902.
[80] J.L. Hernández, D.A., K. Yoshikawa, D. Schroos, E. Van Assche, A. Feltrin, N. Valckx,
N. Menou, J. Poortmans, M. Yoshimi, T. Uto, H. Uzu, M. Hino, H. Kawasaki, M. Ka‐
nematsu, K. Nakano, R. Mishima, T. Kuchiyama, G. Koizumi, C. Allebé, T. Terashita,
M. Hiraishi, N. Nakanishi, K. Yamamoto High Efficiency Copper Electroplated Het‐
erojunction Solar Cells. In: 27th European Photovoltaic Solar Energy Conference and
Exhibition, 2012, pp. 655-6.
[81] Papet, P., Hermans, J., Söderström, T., Cucinelli, M., Andreetta, L., Bätzner, D., et al.
Heterojunction Solar Cells with Electroplated Ni/Cu Front Electrode. In: Proceedings
of the 28th European Photovoltaic Solar Energy Conference and Exhibition, Paris,
France, Vol. 30.
[82] Bartsch, J., Mondon, A., Kamp, M., Kraft, A., Wendling, M., Mehling, M., et al. Cop‐
per as Conducting Layer in the Front Side Metallization of Crystalline Silicon Solar
Cells-Challenges, Processes and Characterization. In: Proceedings of the 2nd Work‐
shop on Metallization for Crystalline Silicon Solar Cells—Status, Trends and New Di‐
rections, Constance, Germany, Konstanz, Germany, 2010, Vol. 15.
[83] Russell, R., Tous, L., Labie, R., Aleman, M., Duerinckx, F., Bertens, J., et al. Cost-effec‐
tive and reliable Ni/Cu plating for p-and n-type PERx silicon solar cells yielding effi‐
ciencies above 20.5%. Photovolt. Int. 2013, 2013, 62-9.

299

300

Solar Cells - New Approaches and Reviews

[84] You, J., Kang, J., Kim, D., Jungho Pak, J., Sik Kang, C. Copper metallization for crys‐
talline Si solar cells. Solar energy materials and solar cells. 2003, 79, 339-45.
[85] Tous, L., Lerat, J.F., Emeraud, T., Negru, R., Huet, K., Uruena, A., et al. Nickel silicide
contacts formed by excimer laser annealing for high efficiency solar cells. Progress in
Photovoltaics: Research and Applications. 2013, 21, 267-75.
[86] Cho, K.-Y., Kim, J., Lee, E.-J., Hong, K.-k., Lee, H.-W., Shim, J.-M., et al. Shinsung So‐
lar Energy high efficiency commercial crystalline Si solar cells. In: Photovoltaic Spe‐
cialists Conference (PVSC), 2012 38th IEEE, IEEE, 2012, pp. 002145-8.
[87] You, J., Kang, J., Kim, D., Pak, J.J., Kang, C.S. A study on Cu metallization for crystal‐
line Si solar cells. In: Photovoltaic Specialists Conference, 2002. Conference Record of
the Twenty-Ninth IEEE, IEEE, 2002, pp. 277-80.
[88] Michaelson, L., Munoz, K., Wang, J.C., Xi, Y., Tyson, T., Gallegos, A. Improved con‐
tact formation for large area solar cells using the alternative seed layer (ASL) process.
In: Photovoltaic Specialists Conference (PVSC), 2012 38th IEEE, IEEE, 2012, pp.
002208-12.
[89] Tous, L., Russell, R., Das, J., Labie, R., Ngamo, M., Horzel, J., et al. Large area copper
plated silicon solar cell exceeding 19.5% efficiency. Energy Procedia. 2012, 21, 58-65.
[90] Knauss, H., Terheiden, B., Fath, P. Large-area metallisation wrap through solar cells
using electroless plating. Solar energy materials and solar cells. 2006, 90, 3232-7.
[91] Metz, A., Adler, D., Bagus, S., Blanke, H., Bothar, M., Brouwer, E., et al. Industrial
high performance crystalline silicon solar cells and modules based on rear surface
passivation technology. Solar Energy Materials and Solar Cells. 2014, 120, 417-25.
[92] Kyeong, D., Cho, S., Lim, J., Lee, K., Hwang, M., Lee, W. Approaching 20%-efficient
selective-emitter solar cells with copper front contacts on industrial 156 mm Cz Si
wafers. In: Proc. 27th European Photovoltaic Solar Energy Conference and Exhibi‐
tion, Frankfurt, 2012, pp. 600-3.
[93] Hallam, B., Wenham, S., Sugianto, A., Mai, L., Chong, C., Edwards, M., et al. Record
large-area p-type Cz production cell efficiency of 19.3% based on LDSE technology.
Photovoltaics, IEEE Journal of. 2011, 1, 43-8.
[94] Wang, X., Allen, V., Vais, V., Zhao, Y., Tjahjono, B., Yao, Y., et al. Laser-doped metalplated bifacial silicon solar cells. Solar Energy Materials and Solar Cells. 2014.
[95] Russell, R., Tous, L., Philipsen, H., Horzel, J., Cornagliotti, E., Ngamo Toko, M., et al.
A simple copper metallisation process for high cell efficiencies and reliable modules.
In: 27th European Photovoltaic Solar Energy Conference and Exhibition-EUPVSEC,
2012, pp. 538-43.
[96] Walker, G.H., Lewis, B.W. A study of the adhesion of copper to nickel. Metallurgical
and Materials Transactions B. 1971, 2, 2189-93.

Crystalline Silicon Solar Cells with Nickel/Copper Contacts
http://dx.doi.org/10.5772/59008

[97] Jacquet, P.A. Adhesion of electrolytic copper deposits. Transactions of The Electro‐
chemical Society. 1934, 66, 393-426.
[98] Mondon, A., Jawaid, M., Bartsch, J., Glatthaar, M., Glunz, S. Microstructure analysis
of the interface situation and adhesion of thermally formed nickel silicide for plated
nickel–copper contacts on silicon solar cells. Solar Energy Materials and Solar Cells.
2013, 117, 209-13.
[99] Braun, S., Zuschlag, A., Raabe, B., Hahn, G. The origin of background plating. Ener‐
gy Procedia. 2011, 8, 565-70.
[100] Kray, D., Bay, N., Cimiotti, G., Kleinschmidt, S., Kosterke, N., Losel, A., et al. Indus‐
trial LCP selective emitter solar cells with plated contacts. In: Photovoltaic Specialists
Conference (PVSC), 2010 35th IEEE, IEEE, 2010, pp. 000667-71.
[101] Wenham, S.R., Tjahjono, B.S., Kuepper, N.B., Lennon, A.J. Metallization method for
silicon solar cells. Google Patents, 2010.
[102] Saint-Cast, P., Tanay, F., Alemán, M., Reichel, C., Bartsch, J., Hofmann, M., et al. Rele‐
vant pinhole characterisation methods for dielectric layers for silicon solar cells. In:
Proceedings of the 24th European Photovoltaic Solar Energy Conference and Exhibi‐
tion, Hamburg, Germany, 2009, pp. 21-5.
[103] Arndt, R., Puto, R. Basic understanding of IEC standard testing for photovoltaic pan‐
els.
[104] Kuehnlein, H., Koesterke, N., Cimiotti, G., Hartmannsgruber, E., Buerger, N., Nuss‐
baumer, H., et al. > 0.4% absolute efficiency gain by fast Ni-Cu-Sn electroplating of
solar cells with fine line printed contacts by a single side wet treatment technology.
In: Proceedings of the 24th European Photovoltaic Solar Energy Conference and Ex‐
hibition (EU PVSEC’09), 2009, pp. 282-4.

301

