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Lecture Overview


1. Metallisation Overview 
2. Screen-Printing And Drying
3. Rear Surface Al Electrode
4. Front Surface Ag Grid Electrode
5. Revolutions in Screen Printed Solar Cell Industry
6. Localised Rear Contacts
7. Future of SP Metallisation


Today
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Screen-Printed Si Solar Cells
Saw-damage removal


Texturing


Emitter diffusion


PSG Removal


Edge isolation


SiNx antireflection coating


Al rear SP


Ag front contact SP


Co-firing
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• Metal electrodes enable current to be collected from cells


• Aluminium (Al) metal paste is used for the rear surface to make electrical connection to the rear p-type 
wafer. The Al usually covers most of the rear surface. 


• Silver (Ag) metal paste is used for the front surface to make connection to the front n-type diffused emitter. 
The Ag is usually patterned with an “H” shaped grid pattern.


• Screen printing is used to place the metal onto the surfaces. Thus, the metal is initially formed into a 
viscous liquid “paste” that can be screen printed.


• A “firing” process then sinters and alloys the metal paste together and to the silicon wafer so that a low-
resistance, “ohmic” contact is formed with good adhesion to the silicon wafer


• The “firing” process also forms an Al-Si alloy at the rear surface that is beneficial in reducing recombination 
at the rear surface (so-called “Back Surface Field”)


Metallisation Overview


Screen printing screen “H” grid pattern of front electrode
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• Current practice is to screen print an aluminium (Al) paste on the rear 
surface and then fire this paste so that it forms an Al-Si alloy at the rear 
surface


• The Al-Si alloy functions to (1) dissolve enough silicon to wipe out any n-
diffused layers on the rear surface, (2) make electrical contact to the rear of 
the p-type wafer and (3) form a p++ heavily doped layer at the rear that 
serves as a minority carrier Back Surface Field (BSF).


n+ ~ 0.3-0.5 um


p ~ 170 um


p++ ~ 8 um


Al Back Surface Field (BSF)


n-diffused layer


Si wafer


p++ Al-Si alloy layer
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• The BSF has an associated built-in electric field (that works similarly to the 
n-p junction on the front surface, albeit to a smaller degree):
Ø Repels electron that impinge on the rear surface; and therefore
Ø Reduces recombination at the rear surface.


• Lower recombination à Higher VOC
• Higher rear collection probability (of long wavelength light) à Higher JSC


n+ ~ 0.3-0.5 um


p ~ 170 um


p+ ~ 8 um
++++++++++++++++++++++++++++++


e-


Al Back Surface Field (BSF)
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• Screens are stainless steel or polyester meshes coated with a polymer emulsion film that fills up the spaces 
between the wires of the mesh


• The emulsion is patterned such that some areas of the emulsion do not fill up the wire mesh and some do.


• During printing, a squeegee is used to force paste through mesh, and the paste only goes through the mesh 
where there is no emulsion on the screen


• After printing, the wet paste is dried


• After drying, the dry paste is fired at a high temperature to sinter the paste particles together and to 
alloy/sinter the metal to the silicon wafer


• Low “ohmic” contact resistance and good adhesion are important for the final metal


Screen Printing








Screen Printing


Polymer Emulsion 








(Ferro, 2002)


Screens can have 200-500 
strands (wires) per inch (=75-
200 strands/cm). Strand 
diameters can vary between 10-
50 um.


Screen Printing


Careful about units: 
These are strands/inch. 
PVF uses strands/cm.








• The mesh of the screen is made up of fine stainless steel  or polyester strands.
• The areal density and diameter of strands determines how easily and how much 


the paste can be forced through the screen during the squeegee action.
• Finer strands (wires) are good for narrow lines and high resolution printing. 


However, 
Ø Such screens are more easily damaged by dinging, denting or broken 


strands
Ø Printed features tend to have less height, which, in the case of printed 


fingers, results in a low cross-sectional area.
• To print thicker lines (and improve the aspect ratio) when using fine strands, the 


emulsion thickness above the mesh can be increased.
• To improve the aspect ratio double printing is possible too.


Screen Mesh








• Emulsion is applied both above and below the screen and may have a 
thickness ranging from less than 1 µm up to in excess of 30 µm.


• The emulsion is photosensitive, and when exposed to light it hardens and 
binds to the screen. 
Ø Expose emulsion layer to light through a “mask” (a dark pattern printed on 


a clear plastic sheet). Dark areas on the mask are not hardened, and can 
be washed away.  


• The emulsion thickness  (especially below the screen) determines the 
thickness of the printed paste. 


• A softer emulsion helps to seal against the rough textured Si surface and can 
minimise bleeding.


Emulsion


Harder emulsion Softer emulsion








LOW Strand Density HIGH Strand Density


Lower printing resolution (but ok for 
rear surface)


High resolution (good for Ag grid)
Poor screen lifetime
Less paste transfer


SMALL Strand Diameter LARGE Strand Diameter


Higher printing resolution
Poor aspect ratio


Poor screen lifetime


Poor resolution 
Less paste pushed through


THICK Emulsion THIN Emulsion


Hard to force paste through  
Compensate w/ high pressure 


Thinner metal height


HARD Emulsion SOFT Emulsion


Bleeding of paste at edges Loss of definition at edges, deforms


Screen Design Trade-offs








Screen Printing Pastes


• Composition: 
Ø Metal powder (80% by weight) - Al or Ag
Ø Glass frits (low melting point glasses) – a key 


component for Ag pastes
Ø Binder material – ethyl cellulose, PVA
Ø Vehicle material – organic solvents


• The binder materials give the printed pattern strength 
between drying and firing.


• The binder and vehicle materials are burnt off before 
reaching the peak firing temperature.


Ferro, 2001








Paste Printing Summary


LOW Viscosity HIGH Viscosity


Smearing/ messy
Hard to dry


Not enough paste gets through 
High printing pressure needed for 


compensation 


HIGH Squeegee Pressure LOW Squeegee Pressure


Damage screen Not enough paste


HIGH Speed LOW Speed


Not enough paste 
Higher pressure used


Lower throughput
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• Paste must be dried to remove solvents and binders.
• Drying temperature: 200 °C – 400 °C
• If solvents are not completely removed, small explosions which damage 


the wafers can occur in the firing furnace.
• After drying the pastes are fired to sinter the paste particles together and 


form the low-resistance “ohmic” contact
to the silicon wafer (discussed 
subsequently)


Drying and Firing
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Lecture Overview


1. Revision
2. Metallisation Overview 
3. Screen Printing And Drying
4. Rear Surface Al Electrode
5. Front Surface Ag Grid Electrode
6. Revolutions in Screen Printed Solar Cell Industry
7. Localised Rear Contacts
8. Future of SP Metallisation








Copyright UNSW
Dr Alison Lennon 1-18


• The Al rear electrode is formed by sintering the paste particles and alloying 
Al and Si in 3 steps: 
Ø Al deposition (e.g., by screen printing).
Ø Firing in a belt furnace above the eutectic temperature of Al-Si to form the alloy.
Ø Cooling of the molten Al-Si allow to regrow the p++ doped Al-Si layer (Al is a p-


type dopant in Si)
• When fired, Al in the screen-printed paste will alloy with Si and form a 


molten layer at the rear above the eutectic temperature of Al-Si.
• When cooled, the Si recrystallizes and incorporates Al at almost the solid 


solubility limit of Al in Si. 
• Al is a p-type dopant in silicon, so it forms the p++ heavily doped layer that 


is called a “Back Surface Field” or “BSF”
• The BSF thickness and doping are determined by the:


Ø Screen-printed Al thickness; and 
Ø Peak firing (ie. alloying) temperature because this determines the solubility of Si 


in the Al-Si molten layer. 


Alloyed Al BSF
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• Al-Si forms a eutectic alloy (“homogeneous solid mix of atoms/chemical species”) at 577 0C.  
Eutectic alloys solidify at a single temperature like elements. 


• What happens during heating and cooling can be understood from phase diagrams 
(see below).


α = Al(s) with 
dissolved Si


Al-S Phase Diagram


β = Si(s) with 
dissolved Al


Eutectic Temp 577°C


Eutectic Temp 577°CAl+Si solid


liquid + α


liquid + β


liquid + β








Copyright UNSW
Dr Alison Lennon 1-20


• Al-Si forms a eutectic alloy (“homogeneous solid mix of atoms/chemical species”) at 577 0C.  
Eutectic alloys solidify at a single temperature like elements. 


• What happens during heating and cooling can be understood from phase diagrams 
(see below).


α = Al(s) with 
dissolved Si


Al-S Phase Diagram


β = Si(s) with 
dissolved Al


Eutectic Temp 577°C


Eutectic Temp 577°CAl+Si solid


liquid + α


liquid + β


liquid + β
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• Al-Si forms a eutectic alloy at 577 0C.  Eutectic alloys solidify at a single 
temperature like elements. 


• What happens during heating and cooling can be understood from phase 
diagrams (see below).


BSF Formation: From Phase Diagrams


B


C
C


Heat to 800 0C


B β – Si with 0.001 %Al 
(see previous slide)


Liquid (20% Si)
A


A


Liquid (28% Si)


In the solar cell, these β
regions grow epitaxially on 
the (unalloyed) Si surface


Start to cool below 800 0C
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1. Burn-off organic components (solvents, volatiles, non-volatiles).
2. Al starts to become liquid.


3. Si diffuses into the Al, and Al diffuses in the Si. %Si in Al rises with T. Molten alloy formed.
4. Molten Si/Al alloy progresses deeper into the Si as T rises. 


5. As the T decreases, Si grows epitaxially (from the liquid phase to the solid phase) towards 
the Al. The recrystallised Si is now doped with Al. 


6. As the eutectic T is reached, the remaining liquid alloy solidifies quickly.


BSF Formation: How Al Doped Si Grows
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Preu et. al, Photovoltaic International Magazine 7th edition. 2010


SEM Imaging of BSF
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• BEST: HIGH Temperature for a SHORT 
Time
Ø ~ 850 °C for a few seconds in the firing 


zone.
Ø Higher T results in increased Al 


concentration in BSF alloy layer.
• Fast ramp up/down


Ø Freeze molten Al/Si quickly. 
Ø Subsequent slow cooling leads to Al 


diffusion further into the silicon, 
deepening the BSF interface.


Al Firing Temperature
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• With slow ramp up times alloying between Al and Si can occur at 
certain sites before others (due to initial Al-Si contact being 
localized) – see figure on left below.


• With fast ramp up speeds the wafer quickly passes the Al-Si eutectic 
point, the Al becomes molten and readily “wets” the entire surface 
and  results in a more uniform BSF.


Importance of Fast Ramp Up


Slow Ramp Fast Ramp
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• At very high temperatures the Al-Si melt agglomerates. Some areas 
suck up all of the molten silicon, leaving other areas depleted of 
molten Al. 


• As a result, when the sample cools down, the regrowth of the Al-BSF 
region is very non-uniform.


• Agglomerations à inconsistent depth of BSF, loss of metal-Si 
contact area. Can see evidence on surface of the wafer as bumps.


• Size of bumps increased with Al thickness. For each Al thickness 
there is a critical temperature for agglomerations to occur.


Al Firing Temperature too High
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• Al-BSF is very thick at the “bump”.
• Al-Si melt agglomerates at regions (i.e., “bumps”) and depletes 


(draws in the Al-Si liquid) the surrounding regions.


Firing T too High - Agglomerations
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• Depends on thickness of the screen-printed Al.
• Thicker Al layers have a lower optimum firing temperature.


Optimum Al Firing Temperature
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Source: Kranzl. A. et al. (2004) Different Aspects of Back-Surface Field (BSF) Formation for Thin Multi-
crystalline Silicon Wafers Asian J. Energy Environ., 5(4), 275-283


How Screens Affect BSF Formation


Electrochemical 
capacitance-voltage 
(ECV)Rear side of the 


wafer: the Al was 
etched before 
measurement


Ignore this region: fluctuations on ECV measurements








• How thick should the screen-printed Al be? Can vary between 20-50 um.


THICK Al Layer THIN Al Layer


Waste 
Hard to dry


Bowing if wafers are thin
Failure to convert paste à metal


Al consumed 
Unsolderable


Poor lateral conductivity


HIGH Al firing Temp LOW Al firing Temp


Better BSF to an extent
More Al consumed


Worse BSF 
Less Al consumed 


LONG Firing Time SHORT Firing Time


All Al consumed 
Not enough alloying 


Some Al left at the rear


Al Thickness
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• Rapid heating and cooling builds up stress in the Si wafer due to the thermal 
expansion coefficient mismatch between Si and Al.


• Bowed wafers can jam up machines or crack in testing / module lamination
• Problem is exacerbated when the Al layer is very thick and the wafer very thin. 
• While the exact manufacturing tolerance specified for wafer bowing varies, cells 


bowed beyond approximately 1.5 mm can reduce yield.


Solutions: 
• Low bow paste; and/or 
• Stress relief cooling mechanism: 


Apply a very low T to the bowed 
wafer that effectively reduces or 
eliminates the existing bow.


Al Problems #1 - Bowing
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• Contamination of Al on the front surface causes shunts when the Al will alloy 
right through the emitter, alloying n- and p- doped regions together
Ø Al fires though the emitter on front resulting in shunting.
Ø Localised shunts can be imaged using PL and lock-in thermography.


Al Problem #2- Al Transfer
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• Hard to solder Al à oxidises easily so Ag lines or tabs are screen-
printed on rear surface.


• NO BSF where you have Ag lines/tabs.
• Typically add small % Al in the Ag paste to contact p-Si à very 


strong adhesion, good ohmic contact and BSF.  


From PVCDROM: Gaps left 
to be Ag printed


Soldering Considerations
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Next Lecture


Ag (front) Metallization
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