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Abstract 

           Patterning of multi crystalline silicon Solar cell is prepared with 

photolithography etching. Electroless plating is used to get metallization of 

Nickel contacts. SEM analysis of Nickel deposition and measurement of 

contact resistance for series and shunt resistance is done. To increase the 

fill factor, the screen printed electrodes are subjected to different firing 

temperatures there by increasing the efficiency of solar cell. Nickel-silicide 

formation at the interface between the Silicon and Nickel enhances 

stability and reduces the contact resistance, resulting in higher energy 

conversion efficiency. 
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1.    Introduction 

Multi-crystalline Silicon solar cells play a major role of the photo 

voltaic market in these years. This dominance is expected to last because 

of the superiority of cost performance. Low cost and high efficiency are 

the keys to large scale acceptability of photovoltaic (PV) systems. The cost 

breakdown of current Silicon photovoltaic modules reveals that wafer, cell 

processing, and module assembly account for approximately 45%, 25% 

and 30% of the module cost, respectively [1]. The cost of a silicon wafer 

can be reduced by low cost solar grade polysilicon feed stock material, 

increased wafer size, reduced kerf losses during slicing and thinner 

substrates. The single crystalline CZ silicon and cast multi crystalline 

silicon accounts for more than 75% of the PV cells fabricated today. 

A key area for improvement of photovoltaic cells is the 

development of low-cost materials and efficient process methodologies. 

Atmospheric process approaches potentially offer these advantages. This 

printing, as a derivative of direct-write processing, offers the additional 

advantage of low capitalization, very high materials efficiency, elimination 

of photolithography and noncontact processing. As the thickness of Si cells 

falls below 100 µm, contact grids for the front and rear contacts can be 

printed even on the rough surface of polysilicon without contacting the 

thin and fragile substrates. At present, these techniques are capable of 

line resolutions < 20 µm, which is at least two times better than the 

current state of the art obtained by screen printing. In addition, it is an 

inexpensive atmospheric process and can be an environmentally friendly 

as well as no waste approach. 

  

 A major challenge in applying printing processes for direct 

writing is formulating suitable printing fluid or ink which must contain the 

appropriate precursors and a carrier vehicle. In addition, they may contain 

various binders, dispersants and adhesion promoters, depending on the 
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nature of the precursor and the particular application. In the case of inks 

for metallization, the content of the metallic ink must be adjusted to 

provide the required resolution with good adhesion and the desired 

electronic properties for the conducting lines. Ink composition is critical 

because it defines the way in which the ink can be jetted, the adhesion to 

the substrate, the line resolution and profile which can control the 

mechanism of metal formation [2]. 

Wafer size of Multi-crystalline silicon solar cells with size 6 inches 

and more are available as compared to the 4 inches single crystal silicon. 

Overall cost of power for production of Multi-crystalline silicon solar cells is 

very cheap as compared to single crystal silicon solar cells.  This 

fabrication process of screen printing of electrodes on the contacts formed 

by electroless Nickel deposition is upgraded for mass production based on 

conventional processes. This printing technique is rapidly changing into a 

viable alternative to the existing deposition approaches for a variety of 

inorganic and organic electronic materials. With appropriate inks, it can 

replace vacuum deposition, screen printing and electroplating for 

depositing metallizations. 

Solar cells or photovoltaic cells are made of semiconductor 

materials such as Silicon. Here photo means light and voltaic means 

electricity. Photovoltaic converts sunlight directly into electricity. When the 

light strikes the solar cell then a certain portion of light energy absorbed 

with in the semiconductor. This means that the energy of the absorbed 

light is transferred to the semiconductor. The energy knocks electrons 

loose and allows them to flow freely. The solar cells also have electric 

fields that act to force electrons freed by light absorption to flow in a 

certain direction. This flow of electrons is a current and can be collected 

by placing the metal contacts on top and bottom of the solar cell.  These 

metal contacts can draw that current off to be used externally. 
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Figure-1: block diagrams of Photolithography and Inkjet process. 

 

As shown in the above in figure-1, the photolithography process 

produces much amount of wastage when compared with the Inkjet 

process. This printing process produces ideally zero emission. The 

advantage of this form of printing is that it is an atmospheric process 

capable of resolution higher than in screen printing. It is possible to 

produce feature as small as 5µm using this method.  This is a non contact 

potentially three dimensional deposition approach, which makes it ideally 

suited to processing thin and fragile substrates. The composition of the 

inks may be easily tailored by the addition of the elements such as 

adhesion promoters and doping compounds to optimize mechanical and 

electronic properties of the subsequently processed contact. In addition, 

this printing is inherently suited for printing multi layer or multicomponent 

structures.  
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Electroless plating has attracted great interest due to simplicity of 

operation, cost effectiveness, high throughput and lack of elaborate 

equipment. In this process solution-I is used which is pH dependent. 

Solution-II is pH independent. These solutions are stable and plates 

uniformly to produce quality electrical contacts on both p-type and n-type 

silicon. They offer excellent adhesion and solderability. The composition is 

mainly based upon the ions of Nickel complexes and hypophosphite with 

stabilizers. The Nickel deposited containing about 1% phosphide, improves 

the physical properties of the metallization. The plating solution has 0.44 

volts of electrode potential. 

The voltage of the solar cell does not depend on its size and also 

remains fairly constant with changing light intensity. The current in a 

device is proportional to the light intensity and the size of the solar cell. 

Double junction and triple junction solar cells mainly are used for space 

craft applications. The single junction solar cell I-V characteristics are 

shown in figure-2[3]. 

 

 

Single 

junction 

solar cell I-V 

curves 

 

 

 

Figure-2: I-V characteristics with changing light intensity on solar cell  

When the cell is not connected to any load, there is no current 

flowing and the voltage across the PV cell reaches its maximum. This is 

called ‘open circuit' voltage. When a load is connected to the PV cell, 

current flows through the circuit and the voltage goes down. The current 
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is high, when the two terminals are directly connected to each other and 

voltage is zero. The current in this case is called ‘short circuit' current. 

In a solar cell, photons are absorbed in the p-layer. It is very 

important to "tune" this layer to absorb as many incoming photons as 

possible and thereby free as many electrons as possible. Silicon is an 

"indirect band gap" semiconductor, in which creation of an electron-hole 

pair requires participation of the crystal lattice vibrations and wasting a lot 

of incoming photon's energy. In the case of a direct band gap 

semiconductor, the light of the right energy does not vibrate the lattice 

and thus it creates electron-hole pairs more efficiently. Higher efficiency of 

the solar cell can be achieved by maximising absorption, minimizing both 

reflection and recombination, and thereby maximising conduction. The 

conversion efficiency of a solar cell is the proportion of sunlight energy 

that the cell converts to electrical energy. In the following table-1, it is 

shown as different types of Silicon wafer materials used for the 

manufacture of solar cell and the corresponding crystal sizes. The 

polycrystalline Silicon and micro crystalline silicon wafers were made with 

Chemical vapor deposition and plasma deposition methods respectively. 

The single crystal Silicon is made with Czochralski, float zone method of 

manufacture and multi-crystal silicon wafers were made with Cast, sheet 

and ribbon method of manufacture.  

Type of Silicon Abbreviation 
Crystal Size 

Range 
Deposition Method 

Single-crystal Silicon sc-Si >10cm Czochralski, float zone 

Multicrystalline Silicon mc-Si 1mm-10cm Cast, sheet, ribbon 

Polycrystalline Silicon pc-Si 1mm-1mm Chemical-vapor deposition 

Microcrystalline 

Silicon 

µc-Si <1mm Plasma deposition 

Table-1: Different types of Silicon wafers [4] 
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2.  Electroless Plating of Nickel deposition 

2.1 Types of plating methods 

It is “plating without the use of electrical energy”. This is a 

chemical reduction process which depends on the catalytic reduction of 

metal (Nickel) ions in an aqueous solution (contains a chemical reducing 

agent) which leads to the deposition of metal (Nickel). This differs with 

electroplating, as it is the deposition of a metal coating on the surface of 

an object by giving negative charge to the object and immersing it into a 

solution. This contains salt of the metal to be deposited. 

 There are three different types of chemical plating methods 

performed without the use of external source of current (i) galvanic 

displacement (ii) autocatalytic and (iii) substrate-catalyzed processes. 

Galvanic displacement often called as immersion processes are easier 

than the other two processes, because generally no reducing agent is 

present in the bath formulation. Solutions for autocatalytic and substrate-

catalyzed processes both contain a reducing agent. The term “electroless 

plating” was originally used to describe autocatalytic processes only. In 

principle, the autocatalytic processes are the most preferred because the 

deposition should continue indefinitely and thick non-porous deposits 

should be obtainable. 

 The deposition rate for electroless solution is low, the chemical 

consumption is high, good pH and temperature control is needed. The 

efficiency potential for plated contacts is higher than for screen printed 

contacts. These contacts are with a small width, higher aspect ratio and 

line conductivity [5]. 
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Figure-3: Electroless deposition processes. 

As shown in the above figure-3, it shows different electroless 

deposition processes such as (a) Autocatalytic: The reduced noble metal 

serves as the catalyst or further reduction of the metal salt by the 

external reducing agent. Thick layers are possible. (b) Substrate 

catalyzed: The substrate surface catalyzes the reduction of the metal salt 

by the reducing agent. Upon deposition of a complete film, reduction 

ceases because the substrate is no longer exposed. (c) Galvanic 

displacement: The surface serves as the reducing agent and electron 

source for reduction of the metal salt. Deposition can continue as long as 

ions can permeate and electrons can transfer through the film [6]. 

 

 Electroless plating bath dissolves resist, if there are more than 

one substrate to plate with resist, a fresh bath must be mixed for each 

additional substrate. Electroless plating solution will get contaminated if 

plexi-glass parts are used. Thermometer cables should be away from hot 

plates and they need to be monitored to make sure they don’t over heat. 

Electroless deposition is applicable to a wide range of metal/ substrate 

combinations which include metal-on-metal, metal-on semiconductor, and 

metal-on-insulator. This is particularly important with regard to metal 
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deposition on electronically isolated substrate regions such as those on a 

circuit board. 

 

2.2 Chemistry of Electroless Nickel deposition 

Electroless Nickel-Phosphorus contact deposits are important for 

single and multi crystal silicon solar cells owing to their electro catalytic 

activity for hydrogen evolution, special paramagnetic characteristics, 

excellent micro hardness and corrosion resistance. Nickel- Phosphorus is a 

relatively complex system and can form a number of stable compounds. 

Two mechanisms for the incorporation of phosphorus during electro 

deposition of Ni-P have been proposed: a direct and an indirect 

mechanism. In the direct mechanism, the oxyacid in the bath, i.e. 

phosphorous acid (H3PO3), is reduced solely to the elemental state. In the 

indirect mechanism, phosphine (PH3) is an intermediate stage in the 

formation of the Ni-P alloy. Electro-deposition of Nickel takes place in an 

FCC structure with co-deposition of phosphorus in octahedral interstitial 

sites. The pH of the plating solutions is an important consideration for the 

electro deposition of phosphorus alloys. It is well known that above critical 

phosphorus content, the Ni-P alloy becomes amorphous. Amorphous 

alloys tend to be harder and have higher contact resistance than their 

crystalline counterparts. Amorphous alloys prepared by electro-deposition 

are generally brittle or of low ductility [7]. 

The properties of an electroless deposited Nickel layer and 

performance of the plated component depends upon phosphorous content, 

purity, substrate, thickness and the pre treatment. 

Basic overall reaction for an electroless plating scheme: 
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Nickel phosphorous deposits are homogenous and are generally 

pore free. The following figure-4 shows the difference based on the 

uniformity of the deposition on substrate by both types of electrolytic and 

electroless deposition plating methods. They are either micro crystalline or 

amorphous, which is a form of metallic glass. Electroless Nickel plating 

forms uniformity of deposits even on complex shapes. Deposits have good 

wetability for oils. In general low phosphorus and especially electroless 

Nickel boron are considered solderable. Mid and high phosphorus 

Electroless Nickel's are far worse for solderability. Low Phosphorous 

Electroless Nickel offers excellent resistance to alkaline corrosive 

environments. Electroless Nickel using low phosphorous for the best 

solderability and longest shelf life is preferred. 

 

Figure-4: comparison on uniformity deposition of Electroless with 

electrolytic plating methods  

As shown in the above figure-4, the Electroless Nickel process 

produces a Nickel alloy that can be deposited without an external power 

source. The Electroless Nickel solution consists of Nickel ions, reducing 

agents and other chemicals. The most commonly used reducing agent is 
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Sodium Hypophosphite. Nickel Phosphorous alloys can be deposited on to 

specially activated surfaces, which act as a catalyst. The depositing 

mechanism can be simplified as followed: 

 Ni++ + Hypophosphite → Ni + Orthophosphite 

       The deposited metal layer has the great advantage of having an even 

thickness over all surfaces of the component virtually regardless of its 

shape. This cannot be achieved with electrodeposited coatings. The parts 

for Electroless Nickel plating have to be suitably pre-treated. Electroless 

Nickel solutions operate specifically according to their end requirements in 

a pH 4 - 9 medium at a temperature between 25 - 92°C. The plating 

speed of the solution is between 2 - 25 µm/hr and the deposit thickness is 

generated on the parts based upon the operating conditions and time. 

Depending on solution composition and working parameter it is possible to 

deposit Nickel Phosphorous alloy layers with a Phosphorous content 

between approximately 2 and 14% by weight. The main components 

involved in electroless plating solution were explained in the following 

Table-2. It is possible to plate almost all metals and non-conductive 

materials. Each type of material requires a specific pretreatment. The 

quality of the Electroless Nickel deposit is dependent upon the quality and 

surface finish of the substrate material. Many Electroplated Nickel deposits 

reproduce the substrate surface finish. 

Component Function 

Metal salt Source of metal to be plated 

Complexing agent Helps keep metal ions in solutions 

Reducing agent Supplies metal ions for reduction 

Buffer Helps to maintain pH 

Stabilisers Retards homogeneous reactions 

Accelerators Increase rate of deposition 

Surfactants Helps remove evolved gases and increases wetting 

Table-2: General formulation details of electroless plating solution. 
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As shown in the above Table-2, the Nickel plating solution is a 

mixture of NiCl2 as the main Nickel source, NaH2PO2 is a reducing agent, 

(NH4)3C6H5O7 as a buffer and a mild complex agent for Nickel. The Nickel 

plating process is based on a catalytic oxidation-reduction reaction 

between Nickel and Hypophosphite ions. The chemical reaction can be 

viewed as the sum of two steps that occur simultaneously. 

 

Hydride ions (H−) are produced at the catalytic surfaces via the 

dehydration of the Hypophosphite (HPO2
2-). These surface hydride ions 

react with the Nickel ions (Ni+) in solution and reducing them to neutral 

Nickel atoms bonded to the surface. 

2.3 Importance of Nickel metal contacts in solar cells 

                 The resistivity of NiSi thin films has been reported to be 14 µΩ-cm, 

which is comparable to that of TiSi2 (13 – 16 µΩ-cm). In the case of Nickel 

silicidation during rapid thermal annealing, the Ni film is converted 

progressively to Ni2Si (200 – 300oC), NiSi (300 – 700oC), and NiSi2 (700 – 

900oC) with increasing annealing temperature [8]. As the area of solar cell 

increases, the ohmic loss due to grid fingers becomes the dominating 

factor in solar cell performance. The cross-sectional area of the front grid 

finger needs to be increased to reduce the ohmic los. It is due to the 

current density through the grid finger increases as the size of the solar 

cell is increased. A compromise between the shading loss and the resistive 

loss due to the front grid is needed for large-area solar cells. An efficient 

way to reduce both the ohmic and the shading losses is to form a tapered 

contact structure to achieve a high efficiency on a large area. This is 

explained in the following figure-5 along with the importance of Nickel 
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plating to avoid junction shunting. It can be successfully formed by using 

a plating technique. This is the first application of a tapered contact 

scheme to high-efficiency solar cells. 

 

 

 

Figure-5: comparison of plating with and without Ni contact 

 

2.4 Properties of Nickel contacts 

Nickel-Silicide (NiSi) formation at the interface enhances 

stability and reduces the contact resistance resulting in higher conversion 

efficiency. This type of Electroless Nickel contact structure is mainly 

applicable to low-cost commercial solar cells. This can be achieved in one 

step with laser etching of Silicon Nitride, an Anti Reflection Coating (ARC) 

by replacing photolithography process to etch Silicon Nitride openings. 

  

Finger conductivity:  

The specific finger conductivity was extracted by measuring the 

finger resistance with Agilent’s four probe semiconductor parameter 
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analyzer and its geometry was measured. The conductivity of the 

deposited Nickel was measured by comparing the specific finger 

conductivity before and after the electroless plating process. The 

resistivity of 2.9 X 10 -8 Ωm of the screen printed Silver is close to that of 

bulk Silver (1.59 X 10 -8 Ωm). 

Contact resistivity:  

 The contact resistivity between the semiconductor surface 

and the screen printed contact can be improved by the electroless plating. 

This becomes even more critical when printing finer lines.  

Long term stability: 

  Long term stability test after four months under ambient 

air, shows no change in the I-V parameters of solar cells with electroless 

Nickel plated contacts.  

Adhesion: 

  The adhesion of the deposited layer to the screen printed 

contact plays an important role.  Electroless Nickel plated contacts passed 

adhesion test performed under standard tape test conditions.   

 The following figure-6 shows the Scanning Electron 

Microscope (SEM) images of electroless plated Nickel film before annealing 

and after annealing at 600oC for 30 seconds. As shown in the following 

figure-6, the composition of the deposited analysis shows the amount of 

Phosphorus in Nickel metal is significantly very low, which should be in the 

range of 1-3%Phosphorus or less. The deposited Nickel metal alloy should 

have less than1%Phosphorus to get better conductivity properties.  
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Figure-6: SEM images of plated Ni films (a) Before and (b) After 

annealing at 600oC for 30s. (c) Shows the EDS analysis along the straight 

line in the SEM image of the plated Ni film after annealing at 600oC for 

30s[8].  
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3.  Photolithography 

3.1  Mask preparation materials 

 Different types of materials such as thin metal sheets, glass 

sheets, plastic sheets, etc, can be used based on the application of the 

mask used and the patterns on these flexible mask materials can be easily 

done by laser cutting technique. In photolithography, a flexible thin metal 

sheet or a black colored plastic sheet can be used as mask for etching 

silicon Nitride layer on solar cells.  Choice of mask preparation materials 

were based on the economical aspects concerned to the desired purpose 

of application in photolithography. Thin transparent plastic sheet masks 

choice can also be based on its application such as in screen printing 

where black color plastic sheet as well as other colors of plastic sheets can 

be used by patterning with laser cutting technique. In a process of 

photolithography by the wet etch method, a thick Aluminium metal sheet 

is used as mask for simple structures of solar cell etching patterns. Thin 

metal foils were used as mask and these were prepared by a laser cutting 

machine. Flexible black colored plastic sheets were used as mask and 

were laser cut to obtain complicated structures of solar cell etch patterns 

with high precision. The mask preparation materials basically must be 

opaque to light and flexible so that the patterns can easily be cut by a 

laser cutting machine. This type of method is very economical and 

minimizes the total cost of solar cell manufacturing which needs 

photolithographical etching expenses to be included in its overall cost.    
3.2 Methods of operation 

Wet etching has been used in photolithography. Initially we clean 

the multi-crystal Silicon wafer with dry Nitrogen gas and then place the 

wafer for spin coating of photo resist liquid for 60 seconds at 1200 rpm 

increased from 200 rpm by gradually raising the speed. Soft bake follows 

at 70oC for 25 minutes in a top oven yellow room. Then we fix the flexible 

metal mask on the resist coated wafer with double sided UV tape. After 

this, we expose the wafer to high intensity UV light welder for 15 sec to a 
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slow moving circular light spot and then develop the wafer with developer 

for 30 seconds so that a negative resist can be developed which is shown 

as follows. Distilled water rinse need to be done for about 5 to 10 times 

and then dry with Nitrogen gas. The wafer must be hard baked at 110oC 

for 50 minutes in the top oven yellow room. Then final etching of the 

silicon nitride as per the resist pattern by dipping into HF diluted solution 

for 20 minutes. 

 

Figure-7: Mask alignment and exposure to UV light. 

 

The three types of exposure methods were shown in the above 

figure-7. They are 

(i) Contact printing:  

Here wafer and mask are in contact with each other and a very 

high resolution is possible. But debris trapped between the resist and the 

mask can damage the mask and cause defects in the pattern. 

Approximately 2 to 4 micron resolution is possible.  

(ii) Proximity printing:  

A small gap of 10 to 25 microns wide is maintained between 

wafer and mask during exposure.  
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(iii)  Projection printing:  

Avoids mask damage and in order to achieve high resolution, 

only a small portion of the mask is imaged. This small image field is 

scanned or stepped over the surface of the wafer. Projection printers that 

step the mask image over the wafer surface are called step-and-repeat 

systems. Step-and-repeat projection printers are capable of approximately 

1-micron resolution. The positive and negative resist developments were 

explained in the following figure-8. The following figure-8 also explains 

about the structure appearance after etching with positive photo resist 

method and also with negative photo resist method. 

 

 

Figure-8: Positive and Negative resist development 

Hard baking is necessary in order to harden the photo resist and 

improve adhesion of the photo resist to the wafer surface. As shown in 
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the following figure-9, it explains about the characteristics of the 

exposure based on the amount of resist remained due to positive photo 

resist method as well as with negative photo resist method. The following 

figure-9 also shows the etched shape obtained with both methods of 

positive resist etch method and with negative etch resist method. 

 

 

Figure-9: Resist Characteristics - before and after exposure [9]. 

  

4. Silver and Aluminium paste for screen-printing Of 

electrodes 

Silver paste preparation: 

 In this process “SPI Silver paste plus” and “LF33-750” which is 

a low temperature polymer Silver conductor [10] were used for screen 

printing of the front electrode lines. It has high percent of Silver solids and 

dried uniformly. The cured Silver paste film is a composite material 
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consisting of flakes of Silver colloid in a polymer matrix. The properties 

are dependent mainly on density and resistivity of the Silver paste. 

The percentage of Silver solids in paste is 70% and the viscosity at 

25oC is 38 Pa.S. This can be cured at room temperature or 1 hour baking 

at 100oC. Thinner is used as n-butyl acetate in this Silver paste [11]. This 

paste has reasonably fast drying rate even at room temperature with good 

adhesion to most substrates and high conductivity. It can be used to 

produce electrically conductive patterns on surfaces of paper, single and 

multi-crystal silicon wafers, films, plastic, rubber and wood as well as on 

conventional ceramic substrates. Since, the particle diameters affect the 

sintering characteristics of Silver. The large Silver particles are sintered 

more slowly as compared to small Silver particle diameter. A particle 

diameter range of 0.1-10.0 µm is preferred.  

The main ingredients in the electrically conducting metal electrode 

paste contain a Silver powder, a glass frit, a resin binder and a sintering 

inhibitor. Here rhodium resinate is used as sintering inhibitor (a metal 

resinate), metal content is 0.002-0.05 wt% of the paste. The glass frit 

used in the paste has a softening point of 450 - 550°C and the electrically 

conducting paste should be fired between 600oC and 800oC. Generally a 

lead borosilicate glass frit can be used in this type of electrode pastes for 

screen printing [12]. 

The glass frit content should preferably in the range of 1.0-3.0 wt 

%. The “resin binder" is a mixture of a polymer and a thinner. It is 

preferable to use the terpineol solution of ethyl cellulose (ethyl cellulose 

content = 5 wt % to 50 wt %). The resin binder is preferably 10-50 wt % 

of the weight of the electrically conducting paste. The general formula for 

sintering inhibiter Me(XR)n , Me stands for Silver, Nickel, Aluminium etc. 

X stands for -S-, -O(CO)-, or -SO3- and R is a linear, branched or cyclic 

hydrocarbon having 1 to 10 Carbon atoms, such as Methyl, Ethyl, n-

Propyl, Isopropyl etc. Rhodium resinate can increase the power generation 
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characteristics. Here Me is Rhodium metal. A thickener or stabilizer or 

other common additives may be added to the electrically conducting 

paste. The amount of thickener depends on the ultimate viscosity of the 

electrically conductive paste and can be determined. The typical properties 

of silver paste were shown in the following Table-3. 

Typical Properties of the Silver paste: 

Sheet Resistivity (25 µm [0.001"] film thickness): 

Sheet Resistivity  <50 milli Ω/square 

Typical:  12 milli Ω/square 

Adhesion Strength: 

Tensile: 

        Specification:  >700 N/cm2 (1000 lb/in2) 

        Typical:  1000 N/cm2 (1500 lb/in2) 

Lap Shear:  ~1400 N/cm2 (2000 lb/in2) 

Bulk Resistivity:  3 x 10-5 Ω-cm 

Specific Heat: 0.30 J/g°C (0.07 cal/g°C) 

Thermal Conductivity: 0.04J/cm-s°C (0.01 cal/cm-s°C) 

Coefficient of Expansion: 3 x 10-5 m/m/°C 

Modulus of Elasticity (tensile): 4 x 10+10 Pa (6x106 lb/in2) 

Poisson's Ratio: 0.35 

Table – 3: Properties of Silver paste 
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Baking of Silver paste: 

(i) Silver electrode paste without glass frits: After screen printing of the 

Silver lines, baking at room temperature for 10 minutes is performed so 

that all volatile organics will begin to evaporate. The Silver particles begin 

to form a uniform network which permits the continuous escape of any 

trapped vapors. Then we bake for 5 minutes at 150oC. The organic binder 

depolymerizes without carbon or graphite formation and is expelled from 

the system without disruption of the uniform network of Silver particles. 

Finally we bake for 3 minutes in the range of 150oC to 200°C. At this point 

the uniform network of Silver particles sinters together, producing the 

superior adhesion properties for the screen printed front electrodes on the 

multi-crystal Silicon solar cell wafers. 

(ii) Silver electrode paste with glass frits:  

Screen printing of contacts is the dominating industrial applied 

metallization technique, especially for multi crystalline silicon solar cells. 

After printing and drying of the paste, contact firing is necessary in order 

to obtain the desired electrical contact properties.  Firing of screen printed 

contacts using rapid thermal processing (RTP) is a promising alternative to 

infrared(IR) heated conveyor belt furnaces.  RTP can lead to a reduction in 

process time and the thermal budget of the wafer.  On the other hand 

every single process set can be designed highly flexible with regard to 

thermal cycle and gas atmosphere combined with the possibility for 

measurement of the wafer temperature. The figures 10,11,12,13 and 

table-4, explains the complete process of RTP [13]. 

 

 The importance of this process is (i) to transfer the main 

idea of RTP i.e low thermal budget and short process time to firing of 

screen printed contacts, (ii) to achieve high quality contacts and high 

fill factor values especially on large area cells. The rapid thermal firing 
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is an important alternative to conventional firing to significantly reduce 

process time.  The process is with high heating and cooling rates with 

total time less than 60 seconds. The following figure-10 shows the 

schematic drawing of RTP furnace. It shows the drawing of gold 

reflector and N2 cooled tungsten halogen lamps. 

  

Figure – 10: Schematical Drawing of the used RTP furnace 

 The firing has been carried out in a single wafer RTP furnace as 

shown in figure-10. The gold coated reactor with water cooled walls 

contains a quartz chamber that can be purged by N2 and either O2 or 

forming gas. The silicon wafers are heated by incoherent irradiation of 

25 tungsten halogen lamps of 1.5kW each mounted in two lamp banks 

above and below the chamber. Wafer sizes up to 15x15 cm2 can be 

processed. 
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Figure – 11: Example of a RTF process showing the different 

process phases. 

For each process step, the temperature or a heating rate is set 

and the wafer temperature is measured by optical pyrometry, presuming 

the pyrometer has been calibrated. The lamp power is adjusted by a 

Proportional-Integral-Differential (PID) control, in order to match the 

measured value to the set temperature. In the above figure-11, the 

corresponding PID parameters can be adjusted for each process step. As 

shown in the above figure-11, the process consists of four different 

phases: In phase-1, the quartz chamber is purged with the gas 

atmosphere used during phase-2. In phase-2, the organic binders of the 

metallisation pastes are burned out. The electrical properties of the 

contacts are formed in phase-3 and in phase-4, the quartz chamber is 

purged and wafer is submitted to natural cooling. Depending on the gas 

atmosphere used during RTF, phases 1 and 4 can be omitted. 
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Figure–12: Deviation of wafer temperature measured by means of optical 

pyrometry from set temperature as a function of time (left) for the 

developed process. 

In order to receive reproducible solar cell results, it turned out 

to be absolutely necessary to control the thermal cycle properly. This can 

be achieved by a precise design of each process step and by carefully 

optimizing the PID parameters especially in process phase 3. The above 

figure-12 shows temperature deviation of the measured and the set 

temperature during burn out and firing for a well controlled process with 

high heating and cooling rates. The deviation during the first few seconds 

of the heating ramp is caused by the inertia of the lamps due to the high 

heating rate. The second deviation during cooling down is due to the 

solidification of the Al-Si-eutectic of the printed back contact. However, 

these deviations have no negative influence on the solar cell results as 

they are situated in less critical parts of the process. In fact, around the 

firing peak the deviation can be kept well below 5oC, thus permitting an 

excellent reproducibility of the developed RTF process. 

 

Optimization of RTF parameters: 

The determination of electrical properties of the front contact a 

test structure has been used with an area of 2x2 cm2 solar cell structures 

for contact resistivity measurements and a structure for resistivity 
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measurements of the fired Silver paste. After RTF, the different structures 

have been separated by laser cutting from the front side followed by 

annealing. The first step of optimization was to select the most promising 

Silver paste. For this purpose, commercially available and laboratory 

pastes have been investigated. The parameters to measure are Low 

contact resistivity, good printability, adhesion of contacts and, low 

resistivity of the printed and fired paste. Once the right Silver paste has 

been chosen, then burn out temperature and burn out time need to match 

the contained organic binders. 

 

Table – 4: List of RTF parameters in process phase 3. 

 

The above table-4 explains about the different process 

parameters that influence the Phase-3. The Phase-3 can be completely 

described by means of seven process parameters as shown in the above 

table-4. From these seven parameters there are five parameters that have 

more effect on I-V characteristics: , , ,  and B. Based on 

these parameters a further optimization were carried out. 

 

Application of RTF: 

The following figure shows the technology steps for cell 

manufacturing. For solar cell metallisation, a commercially available 

Aluminium paste and the selected Silver pastes have been screen printed 

on the back and front side respectively. The contacts have been co-fired 

using the developed RTF process. In order to obtain good fill factors, the 
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peak temperature as well as the plateau time had to be slightly adapted to 

the emitter profiles. 

 

Figure – 13: Process sequences used for fabrication of large area 

cells with rapid thermal fired screen printed contacts. 

  In the above figure-13, it is explained about the process 

sequences used for fabrication of multicrystalline solar cell with rapid 

thermal fired screen printed metal contacts. In order to get further 

advantage of RTF, we reduced the process time down to 60s including 

burn out and firing. This has been achieved by an increase of the cooling 

rate in phase-3 and a shortening of the burn out. The actual firing (in 

phase-3) does not require more than 18sec including a very short 1sec 

plateau at peak temperature. The wafer temperature is less than 10sec 

above 600oC, featuring the low thermal budget of the process. It is 

important to note that no degradation of the illuminated solar cell 

characteristic has been observed due to process time reduction. 

 

 

 

 

 



32 

 

5.  Experimental Procedure 

5.1 Device fabrication of multicrystalline solar cell 

Initially, the multi-crystalline Silicon solar cell size 2x2cm2 is 

prepared with laser cutting machine from the large multi-crystal silicon 

wafer sample of 6x6 inch2 size. The Aluminium electrodes must be screen 

printed on p-type with continuous layer of 3µm thickness over the entire 

substrate of multi-crystal Silicon sample. Later the sample containing 

Silicon Nitride layer was wet-etched by photolithographic process with 

1mm width of each line and 2mm separation between adjacent fingers of 

the 17mm length of each finger. There are 6 fingers in each sample. 

5.2 Photolithographic patterning for Nickel plating 

 Silicon Nitride layer was etched by the photolithographic wet-

etch method. The electroless Nickel plating was performed by both types 

of electroless solutions, i.e., pH dependant and pH independent 

solutions. Laser ablasion is another alternative method to etch away the 

silicon nitride layer for patterning of multi-crystal Silicon solar cell to use 

it for electroless deposition. This has to be carried out in the range of 

room temperature to a maximum of 90oC. Here pH independent 

electroless solutions found to be attractive due to the presence of a very 

trace amount of etchants such as buffer HF in it. Such solution doesn’t 

need to control pH while it is used for metal deposition at room 

temperature. It is also suitable for mass production of solar cells and to 

minimize the wastage of electroless solution. These chemicals were not 

stable for longer periods when once the autocatalytic reaction starts. The 

decomposition is fast when multi crystal silicon wafer is immersed in the 

plating solution when compared with single crystal silicon. 
 

5.3 Electroless Nickel Plating  

In the following figure-14 shows the different process steps involved 

in the manufacture of plating nickel contacts. 
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Figure – 14: Different process steps in the manufacture of solar cell with                    

Nickel contacts 

 

Figure-15: Print head positioned by Drop on Demand Technique [14] 

 

The another novel process in place of standard electroless Nickel 

plating contacts is Drop on Demand printing method of Nickel contacts 

with electroless plating solution which is shown in the above figure-15. 

This consists of a stationary drop-on-demand piezoelectric print head from 

Microfab technologies with a 50 micron orifice. A resistive substrate heater 

plate is positioned on an X-Y stage directly under this print head and 

serves to provide heating and X-Y positioning to 1µm. The printing 

parameters and patterns were controlled by computer using LabView 
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software. The printing parameters such as translation speed and substrate 

temperature, print head driving parameters, frequency and amplitude of 

the controlling voltage pulses should be optimized to achieve the best 

resolution and highest conductivity for the deposited metal by electroless 

Nickel plating solution. 

The main advantage of this drop-on-demand printing is that it 

allows multi-layer printing. A separate writing of the contact formation 

layer and then the metal forming layer is possible. This leads to more 

control of the contact formation process and improved conductivity of the 

conductor lines. Different Next generation multicomponent printing inks 

(including surface modifying agents) have been developed to obtain 

improved fire-through contacts. These proprietary inks greatly improve 

the burn through and contact formation process. 

Laser ablation of SiNx passivation layers have revealed about 

etching variation based on intensity and iris opening of the laser beam on 

solar cells. The Contact resistance measurements and series resistance 

analysis of the solar cells revealed very low resistances. Measurements of 

the effective carrier lifetimes on the test structures as well as the open 

circuit voltage of solar cells with local contact formation via laser ablation 

have shown that high lifetimes are maintained after laser ablation. These 

results and the overall high performance of the solar cells clearly 

demonstrate that laser ablation of passivating dielectric layers is a suitable 

technique in the production of high efficiency solar cells. As an additional 

advantage the contactless nature of laser ablation makes it attractive for 

processing very thin silicon solar cells [15]. 

Microfab Printing System:  

The Microfab printing system is essentially a drop-on-demand 

piezoelectric print head, where user control of waveform, frequency, 

amplitude, line pressure and orifice size are all possible. Drops form by 

voltage pulses applied to a piezoelectric actuator that creates an acoustic 

wave in the body of a glass capillary filled with ink. The stimulated waves 
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break the ink meniscus off the tip of the jet at the frequency of the pulse 

generation. By controlling the parameters of the voltage pulse and 

printing variables such as the frequency of drop generation, the volume or 

size of the drops and the speed of the drop at ejection can be controlled. 

Other advantages of the new system are that the jet system does not 

have plastic parts and thus gives us more freedom for choosing solvents 

and printing at higher temperatures. Heads are available for high-

temperature and Nitrogen-purged printing.  

 

Principle of operation of Drop-on-Demand (DOD): 

The production of drops is done by electromechanically induced 

pressure waves. In this type of system, a voltage pulse applied to a 

piezoelectric material that is directly or indirectly coupled to the fluid 

induces a volumetric change in the fluid. This volumetric change creates 

pressure/velocity transients within the fluid that are directed to produce a 

drop from an orifice. In DOD, a drop is only ejected from the device 

orifice, when a voltage pulse is applied to a transducer. Since the fluid at 

ambient pressure in the device is coupled to the transducer, the acoustic 

waves generated by application of an electrical pulse eject a drop from the 

device orifice. The DOD device produces drops that are approximately 

equal to the orifice diameter of the droplet generator [16]. 

  

Figure - 16: Drop-on-Demand printing system. 
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As shown in the above figure-16, the important parameters are drop 

frequency (50 Hz), pulse amplitude (25 V), stage translation speed (2 

mm/s) and substrate temperature (180°C). The lines printed under these 

conditions were 120 µm wide and approximately 1 µm thick for a single 

printing pass. Thicker lines up to 10 µm were produced by multiple-pass 

printing and demonstrated good conductivity and adhesion to the 

substrate. This printing is an attractive alternative to screen printing or 

vacuum evaporation for fabrication of the front contacts to solar cells. 

Vacuum evaporation is effective but requires patterning and is capital 

intensive. Screenprinting is a low-cost and atmospheric printing technique. 

This has resolution and throughput problems. This printing is an inherently 

suitable approach to mass manufacturing and conveyor processing of cells 

and modules. This printing should also provide better line resolution and 

improved aspect ratios for conducting grid lines which would lead to 

improved solar cell performance. A significant advantage of this printing 

over screen-printing is that it is a noncontact, conformal deposition 

technique and therefore it is especially suitable for processing fragile and 

uneven multi-crystal silicon wafers [17]. 

5.4  SEM analysis of Nickel plating  
The SEM analysis of the Nickel plating was done for samples 

containing Nickel plating before and after firing with Nitrogen atmosphere 

in RTF furnace. As shown in the figure-18, it indicates 98 to 99% of Nickel 

and around 1-2% of phosphorus presence. This phosphorus element will 

enhance the property of n-type Silicon as n- type doping to the emitter 

layer. In the following figure-17, after firing the sample at a favorable 

temperature NiSi formation occurs at 450oC. The Nickel silicide formation 

was studied with SEM and XRD analysis. NiSi has resistivity of 14 to 16 

µΩ-cm with silicidation temperature range of 400-500oC. But, it has bad 

thermal stability due to the formation of NiSi2 which has resistivity of 36 

to 50 µΩ-cm. 
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Figure–17: XRD spectra of Ni silicide samples annealed at 350oC, 450oC, 

550oC and 650oC for 30sec. The initial Nickel thickness was chosen to be 

30nm. 

NiSi has a low Schottky barrier height for holes at the silicide-silicon 

contact. The silicidation process of relatively low temperature 

(400~500oC) shows a low resistivity NiSi phase without a detection of 

undesirable Ni2Si and NiSi2 phase and, smooth interface between Silicide 

and Silicon substrate without thickness expansion [18]. 

5.5 Contact resistance measurement with four probe technique 

As shown in the following figure-18, the contact resistance 

measurements for the sample were measured by using a four point probe 

Agilant semiconductor parameter analyser. The samples were tested after 

the Silver electrodes were screen printed on samples with electroless 

Nickel plating and without Nickel plating. 

 

Figure–18: vertical structure of solar cell with top and bottom electrodes 
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For vertical structure, the total measured resistance is: 

R = Rmt + Rct + Rsp + Rsi + Rcb + Rmb  

Rmt -- top metal layer resistance and top probe resistance; 

Rct -- top contact resistance; 

Rsp -- spread resistance from top; 

Rsi -- bulk silicon resistance; 

Rcb -- bottom contact resistance; 

Rmb -- bottom metal layer and probe resistance. 

Due to the large area of the bottom metal layer, we assume Rcb and 

Rmt can be neglected. 

For spread resistance, if the top electrode radius << 2t (t is the 

silicon thickness), then: 

Rsp = ρ / (4r), 

Where as ρ is the silicon resistivity. 

Rct = ρc/S, ρc is the specific contact resistivity. 

The total measured resistance is: 

R = 2* Rc + Rsi and Rsi = ρSi*d/(L*t) 

d- is the distance or gap between electrodes, L is the length of the 

electrode, and t is the thickness of the Silicon wafer. 

Possible reasons why we can get a "standard" linear relationship between 

the measured resistance and the distance or gap between electrodes to 

derive the contact resistance from the interception with Y axis. 

 

Samples with electroless plating:             

 Initially Photolithographic wet etched Silicon Nitride patterned 

wafer must be cleaned with diluted HF solution for 3 seconds and then the 

samples of multi-crystal Silicon wafers were plated through standard 

method of electroless plating for 10 minutes by using solution-I at 90oC. 

After that the wafer must be cleaned in distilled water and then with dry 

Nitrogen gas. The wafer must be sinter the Nickel plate at 450oC for 5 

minutes in RTF furnace in a non oxidizing atmosphere so that the NiSi 
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formation occurs. Later the Silver paste electrodes were screen printed 

and fired different samples at different temperatures ranging from 700oC 

to 800oC in an oxidizing atmosphere. If the solution is pH dependant, then 

the pH must be maintained at 10 to get better deposition. The same 

electroless process is repeated with a pH independent solution using 

solution II at 90oC. Here constant pH value is not necessary to maintain. 

This sample is again fired in non-oxidizing atmosphere and then Silver 

paste is screen printed. The samples were prepared with Silver paste 

containing glass frits and polymer based Silver paste baked at 100oC 

temperature in an oxidizing atmosphere. 

 Later the samples were also prepared for improving contact 

resistance with different conditions of making solar cell, similar to the 

samples made for efficiency measurements of solar cells. Contact 

resistance measurements are used to assess the risks of using various 

contacts and connectors. Contact resistance measurements require the 

ability to measure very small fluctuations in resistance while simulating 

actual operating conditions. The Agilent-4155 semiconductor parametric 

analyzer was used to measure the contact resistance.  

As shown in the following Table-5, the Contact resistances were 

measured for shunt and series resistance based on without electroless 

Nickel plating. The resistances were measured with two types of Silver 

pastes, those are Silver paste with glass frits fired at 750oC and Polymer 

based Silver paste which was cured or baked at 100oC. 

Without Nickel plating 
Rs 

( Ω-cm2 ) 

Rsh 

( Ω-cm2 ) 
Silver paste with glass frits to be fired at 750oC 0.81 8654 

Polymer Silver paste to be baked at 100oC 0.78 9548 

Table-5: Comparison of contact resistances without plating solution 

Contact resistances with standard electroless Nickel plating 

were shown in the following Table-6. These are based on two types of 
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sample for Silver pastes and two types of sample for Electroless Nickel 

plating solutions. The Plating of Nickel is on the etched places by 

Photolithographic etching of Silicon Nitride. 

Standard plating 
Electroless plating 

Rs 

( Ω-cm2 ) 

Rsh 

( Ω-cm2 ) 
Solution I plating and Silver paste with 

glass frits fired at 750oC 
0.74 7721 

Solution II plating and Silver paste with 
glass frits fired at 750oC 

0.71 2243 

Solution I plating and polymer based 
Silver paste baked at 100oC 

0.66 8745 

Solution II plating and polymer based 
Silver paste baked at 100oC 

0.72 2326 

Table-6: Comparison of Contact resistance with different plating solutions 

Contact resistances with electroless plating on laser etched 

Silicon Nitride. The solution I and Solution II, were used to measure the 

contact resistances of Nickel Plated Silver electrodes of two types were 

used. These measurements were shown in the following Table-7. These 

Contact resistances were measured when the Silver paste fired at 750oC 

and another polymer based Silver paste baked at 100oC. 

Electroless plating on laser ablasion of SiNx 
Rs 

( Ω-cm2 ) 

Rsh 

( Ω-cm2 ) 

Solution I plating and Silver paste with 
glass frits fired at 750oC 

0.65 6734 

Solution II plating and Silver paste with 
glass frits fired at 750oC 

0.62 2246 

Solution I plating and polymer based Silver 
paste baked at 100oC 

0.68 6690 

Solution II plating and polymer based 
Silver paste baked at 100oC 

0.69 1228 

Table-7: Comparison of contact resistances with laser etched SiNx 
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6.  Characteristics of solar cell 

In the following Table-8, the efficiencies of solar cells made with 

and without plating of electroless Nickel with different Silver pastes along 

with different types of electroless solutions that are used for plating 

process with standard electroless plating methods. The plating is carried 

out on the surfaces etched with photolithographic wet etching of SiNx were 

explained in Table-8. 

Electroless plating standard method 
Voc 

(mV) 

Jsc 

(mA/cm2) 

FF 

% 

Η 

% 

Solution I and F33-462 596 32.9 78 15.3 

Solution II and F33-462 586 32.04 75.1 14.1 

Solution I plating and F33-750 604 31.76 76.1 14.6 

Solution II plating and F33-750 591 31.26 77.4 14.3 

Table-8: Efficiency comparison for two different types plating solutions 

 The following Table-9 shows the solar cell efficiencies based on 

another set of samples with laser etched Silicon Nitride layer followed by 

electroless plating by standard method. 

Electroless plating standard method 
on laser etched SiNx 

Voc 

(mV) 

Jsc 

(mA/cm
2
) 

FF 

% 

Η 

% 

Solution I and F33-462 608 32.89 78.5 15.7 

Solution II and F33-462 590 33.76 74.3 14.8 

Solution I plating and F33-750 602 33.9 74.5 15.2 

Solution II plating and F33-750 595 33.11 73.6 14.5 

Table-9: Efficiencies based on laser etched with Nickel plating and the 

different Silver paste electrodes 
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Efficiencies of two different Silver pastes with glass frits and 

with polymer based Silver paste need to be fired and baked pastes 

respectively were shown in the following Table-10. 

Without 
Nickel 
plating 

Voc 

(mV) 
Jsc 

(mA/cm
2
) 

FF 
% 

Η 
% 

F33-462 595 33.35 77.6 15.4 
F33-750 603 32.3 78 15.2 

Table-10: efficiency comparison based on two different Ag pastes 

The following figure-19 shows the characteristics of solar cell 

efficiencies based on the process of firing temperature dependency of 

Silver paste with glass frits.   

effect of efficiency with annealing at different 
intervals of temperature ranges while 
reaching final firing temperature
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Figure:19 Efficiency variation with intervals of firing temperature and 

the electrodes were screen printed 
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In the following figure-20 shows the Comparison with Nickel 

standard plating Vs without plating upon which screen printing of 

Silver paste with glass frits electrodes fired at different temperatures 

were fabricated. 

Effect of solar cell efficiency with and without 
nickel plating before electrodes were screen 

printed
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Figure-20. Efficiency variation with and without Nickel plating 

 

7.   Results and discussions 

The efficiency of solar cell has improved from 15% to 15.5% 

after the Solution-I plating by using the Silver paste with glass frits. It is 

because the plated Ni formed better contact with the n+ emitter layer 

through forming Nickel silicide during the firing process. However, the 
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solar cell has got poor efficiency when it is electroless plated through 

standard plating method by using Solution-II of electroless Nickel 

deposition. It is due to the presence of trace amounts of buffer HF etchant 

in the plating solution which is etching away the unwanted areas of Silicon 

Nitride layer. Due to this, it results in the form of poor efficiency of the 

solar cell. Screen printing of Silver paste is comparably a slow process 

when compared with this printing of polymer based Silver paste baked 

even at room temperatures to produce efficient solar cells as that of 

screen printed solar cells. The photolithographic etching of solar cells 

makes the process little slow. This can be avoided by using laser etching 

of Silicon Nitride layer with good repeatability and can solve the issue of 

cheap multi crystal silicon solar cells. With the printing of polymer based 

Silver paste and electroless Nickel solutions which are not dependent on 

pH value can solve the industrial production of solar cells at cheaper rates.  
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