
Presented at the 23rd European Photovoltaic Solar Energy Conference, 1–5 September 2008, Valencia, Spain 

SiNx Ink 

p- Si 

Emitter SiNx 

p- Si 

Emitter Ink 

INDUSTRIALLY FEASIBLE FRONT-SIDE METALLIZATION BASED ON INK-JET MASKING AND NICKEL 
PLATING  

 
 

M. Alemán, N. Bay, L. Gautero, J. Specht, D. Stüwe, R. Neubauer, D. Barucha, D. Biro, J. Rentsch, S.W. Glunz, R. Preu 
Fraunhofer Institute for Solar Energy Systems 
Heidenhofstr. 2, D-79110 Freiburg, Germany 

 
ABSTRACT: An alternative for an industrial front side metallization process for silicon solar cells is presented in this paper. 
Using ink-jet printing of a resist and wet-chemical acidic etching a structure is formed into the anti-reflection coating. The 
metallization is performed in two steps: first the formation of a seed layer by electroless nickel plating, followed by the 
growth of the contacts through light-induced silver plating. An evaluation of different steps in the process, like etching of the 
SiNx and formation of the silicide, is presented here.   
Industrial solar cells investigated in this paper show jsc ~35 mA/cm2, Fill Factor ~77 % and efficiencies up to 16.7 %.  
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1 INTRODUCTION 
  

A considerable improvement of the efficiencies of 
silicon solar cells can only be reached by implementing a 
passivation layer on the rear-side [1]. A challenge for the 
passivation layers is to withstand the high peak 
temperature required by the front-side screen-printing 
paste to establish a good quality contact to the silicon 
wafer [1]. Research to achieve this goal is being currently 
performed [2, 3]. A front-side metallization, that would 
not require a high temperature step, allows the use of 
existing passivation concepts regardless of the firing 
tolerance (like using a-Si or other PECVD layers) [1,3,4].  

This paper presents a process for the front side 
metallization, which doesn’t require firing. It is based on 
ink-jet printing and electroless nickel plating for the 
formation of thin fingers, with low contact resistance by 
implementing industrially applicable technologies. 

The technology for the front-side metallization 
presented in this paper has been evaluated independently 
of the rear-side process development. A standard rear 
metallization with an aluminum back surface field (Al-
BSF) has been applied.  
 
2 PROCESS 
 

Nickel is a strong candidate for the formation of front 
contacts, due to its low barrier height and the ability to 
selectively deposit it on silicon from an electrolyte [5].  

Electroless nickel plating consists on the selective 
deposition of the metal on a catalytic surface through the 
immersion in an electrolyte. It is based on an electron 
transfer on top of a surface, where an electron transfer 
can take place. The main electron source is the oxidation 
of a reducing agent (in this case sodium hypophosphite 
NaH2PO2) also present in the solution. The nickel ions 
are reduced to solid nickel on top of the silicon.  

Isolating layers can be used as plating masks, such as 
the Anti-reflection coating (ARC), which is on top of 
silicon solar cells. Still, the structure required for the 
front-side grid has to be formed in the ARC prior metal 
deposition. Many different processes are being developed 
to achieve this goal, like laser ablation [6], laser chemical 
processing (LCP) [7], etching pastes [8], among others. 

In this paper we present a process based on the 
structuring of the coating by applying an etching resist on 
the front-side by ink-jet printing [9]. Narrow openings 

are etched into the ARC using highly concentrated 
hydrofluoric acid. Afterwards the resist is stripped. A 
seed contact is formed in an electroless nickel plating 
bath [10]. An in-line light-induced Ag plating machine 
(LIP) is used for the thickening of the contacts [11].  
 

  

Fig. 1 Printing an ink on the 
SiNx layer Fig. 2 Etching with HF 

  
Fig. 3 Removing the ink Fig. 4 E-less nickel plating 

and Ag thickening 
 
3 EXPERIMENTAL  
 

An evaluation of the etching process for three different 
silicon nitride layers was performed: (i) a sputtered SiNx 
and (ii) a PECVD nitride both used as ARC, and (iii) a 
rear-side passivation PECVD nitride. First a commercial 
“SiO-etch” solution (buffered HF with a max. 
concentration of 6%) was evaluated. The etching rate of 
the different SiNx layers was determined (see Fig. 5). 
Then, an evaluation of the etching process depending on 
the HF concentration was performed, to reduce the 
required etching times.  

For an industrial application, the inkjet resist must 
withstand the required etching step. In order to achieve 
this, several printing tests were performed, testing pre- 
and post-treatments of the inks as well as the wafers [12]. 
 
Solar cell processing 

After the development of the steps required for the 
implementation of this technology, silicon solar cells 
with an area of 25 cm2 and 141cm2 were manufactured 
on 1 Ω cm p-type Cz material. 

The wafers were textured in KOH. Three different 
emitter profiles from two different POCL3 diffusion 
furnaces were used to evaluate the influence of the metal 
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diffusion for these profiles on the electrical 
characteristics of the cell. The ARC was formed by the 
deposition of a PECVD SiNx layer (~75 nm). 
 
Processing schema 
 

 

Structuring of the ARC was performed as described 
earlier. After removal of the resist, an aluminum paste 
was screen-printed on the rear-side and fired forming an 
Al-BSF. The seed contacts were formed by chemical 
nickel deposition, with a thickness of around 100 to 200 
nm. After the silver deposition up to ~2 µm in the in-line 
machine, a sintering step was performed to improve the 
adhesion and the electrical quality of the contacts. For 
reasons that will be explained in the discussion, a second 
Ag plating step was applied for certain cells, in the 
standard cyanid- containing Ag plating solution, up to 
~10-12 µm.  

The three different types of P doping profiles 
evaluated were: two formed in the same tube furnace 
with a sheet resistance of ~60 Ω/sq and 90 Ω/sq and 
similar surface dopant concentration (ND) and the third 
from a different tube furnace with a Rsh of 70 Ω/sq higher 
ND but similar junction depth as the 95 Ω/sq (see Fig.8). 
The influence of the emitter profile in the metal diffusion 
through the junction has been evaluated by checking the 
reduction of the junction quality (or the PFF) with 
Suns_Voc [13] for increasing sintering temperatures. 

Nickel plating has been carried out from various 
alkaline and acid hypophosphite based plating baths. 
Ammonium and sodium hydroxide have been used for 
the pH control of the alkaline solutions.  

 
4 RESULTS AND DISCUSSION  
 
4.1 Etching SiNx layers 

Etching of the silicon nitride in HF solutions is an 
effective method for the structuring of the ARC, but each 
nitride requires a specific process development. In Fig. 5 
the thickness of different nitrides after etching in a 
commercial SiOetch solution (buffered HF with a max. 
concentration < 6%) is presented. The technology used 
for the nitride deposition has a fundamental influence in 
the etching velocity. Sputtered SiNx layers are in general 
more difficult to etch than the standard ARC PECVD 
SiNx. A reason for this effect could be the higher density 
of the nitride.  

The removed layer thickness is shown in Fig 5. For 
thinner layers the results, with a single wavelength 
ellipsometer, are questionable. 
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Fig. 5 Thickness of SiNx layers etched with increasing times 
in a commercial SiOetch solution measured by a single 
wavelength ellipsometer 

 

An interesting method applied during this research, to 
characterize the etching of the SiNx layers, is the use of 
the nickel deposition as a “chemical proof” of the nitride 
removal, as used by Zhao for oxide films [14]. The 
reaction between Ni and Si only takes place if the 
complete isolating layer has been removed from the 
surface. The required time to completely etch the ARC 
was established by processing samples with a 75 nm 
thick SiNx layer and increasing the etching time. First, 
samples without any mask were processed, as can be 
seen on Fig. 6. After the immersion in the plating 
solution the metal reacts only with the opened nitride. 
For too low etching times some nitride can still be found 
on the surface, hindering the metal deposition.  

An observation of the hydrophobicity of the surface 
also allows the determination of the SiNx presence. 
Silicon nitride and silicon oxide are hydrophilic, whereas 
Si is hydrophobic, but this can only be observed for non-
textured surfaces. Besides, a few minutes after etching 
the silicon nitride, a native SiO2 layer is formed on top of 
the silicon, making the surface hydrophilic again. For 
very thin openings, like those etched for the front-side 
grid, evaluation of the hydrophobic effect is very 
subjective. Using the metal deposition as a proof for the 
nitride etching allows a better evaluation.  
 

Increasing etching time for a sputtered SiNx 
 

  

a b c 
Fig. 6 Using the chemical metal deposition on an etched layer 
of sputtered SiNx (with increasing etching time) (a) No metal 
deposition, (b) Etching started on the edges of the sample,  
(c) Complete metal coverage 
 
4.2 Undesired plating/ Background plating: 

Quite an important challenge of the plating process 
for this structure is based on the metal deposition on 
pinholes present in the ARC. Considering the sensitivity 
of the plating solution to conductive surfaces, it would be 
desirable to use a silicon nitride as dense as possible, to 
avoid metal deposition on any holes present on the 
nitride layer. Metallization concepts based on plating 
have been applied so far using a thermal silicon oxide 
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[11] or a LPCVD SiNx on the front, due to the higher 
density and better quality (lower pinholes) than the 
standard PECVD nitride. Very dense nitrides are difficult 
to etch, creating a problem in the application of such 
nitrides for the concept presented on this paper. 

With the definition of the adequate cleaning 
conditions, a lower pinhole density on the ARC has been 
achieved. The metal deposition takes place only on the 
line openings (see Fig. 7: Top). Otherwise, even a whole 
wafer can be metallized with Ni and Ag.  
 

4.3 Thin line formation 
After an optimization of the inks, printing process 

and the etching step, the formation of thin Ni lines (~18-
25 µm) has been achieved [12]. The line size also 
depends on the nitride source. Denser nitrides require 
longer etching times, stronger underetching effects can 
occur (depending on the printing procedure), leading to a 
variation of the line width. Cells with this line size are 
currently being processed.  
 

 
 

 

Fig. 7 SEM Views of a contact after Ni plating on a line 
etched with HF through an IJ mask on a PECVD SiNx layer 
(Top: overview line . Bottom: detail) 
 

4.4 Other issues 
The stripping of the resist is also an important issue. 

No ink’s residues are desired on top of the wafer surface, 
meaning that a stripping technique was developed to 
completely remove the resist. These can be removed by 
KOH. 

An effect from the firing furnace chain becomes 
visible on the wafers’ front-side after the metal plating. 
During firing, the wafers can be positioned with the front 
side facing the furnace chain (face down) or the other 

way around (face up). Due to a lower contamination from 
the paste to the chain, thanks to lower paste amount, 
processing face down is desired. A deeper evaluation of 
the mechanism through which firing the wafers face-
down affects the plating is still required. Two possible 
explanations are given by the temperature difference seen 
by the wafer surface on the area directly in contact to the 
metal chain, or a possible metal diffusion from the chain 
to the silicon (creating more defects on the surface).  
 

4.5 Thickening the contacts 
The thickening of the contacts in the LIP Ag in-line 

machine with nickel on the edges and no edge isolation 
showed a limited maximal contact thickness around 2µm. 
Performing an edge isolation step before Ag processing 
resolves this problem, but a sintering step might be 
required to improve the adhesion between Ni and silicon. 
For technical reasons, the results presented in this 
investigation have a 2nd thickening step performed in our 
standard CN- Ag bath. The series resistance was reduced 
from an average of ~1 Ωcm to ~0.3 Ωcm with an Ag 
thickness grown to ~10 µm. 
 

4.6 Silicon solar cell fabrication 
Wafers performing emitters as presented in Fig 8, 

with 60 and 95 Ω/sq were diffused in the same furnace. 
The diffusion for the 70 Ω/sq was processed in different 
furnace showing a much higher P peak and a lower 
junction depth. In Fig. 9 it can be seen, that the emitter 
with biggest junction depth (60 Ω/sq) is more resistant to 
sintering at higher temperatures before showing a strong 
decrease of the PFF. 
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Fig. 8 Emitter profiles measured by SIMS 
 

Sintering was performed on a hotplate after Ag 
deposition from the inline machine under standard air 
environment; the same samples were used for the 
increasing temperatures. The reduced FF measured from 
the IV curves is caused by a high series resistance due to 
low Ag deposition during LIP (~2 µm). 

A reduction of the series resistance is observed for an 
increasing sintering temperature up to 300°C, by the 
improvement of the fill factor. After further temperature 
increase, the recombination in the junction created by the 
metal diffusion is enhanced and measured as the 
reduction of the PFF. This effect turns into the driving 
force affecting the overall FF.  
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Fig. 9 Suns_Voc and IV measurements of the PFF and the 
FF for cells featuring 3 different emitter profiles sintered at 
increasing temperatures.  Note: the Ag thickness of these 
cells was very low, Rs. 

Processing at higher temperatures leads to a better 
mechanical adhesion and lower contact resistance (for 
temperatures below 700oC). A compromise between 
mechanical adhesion and sintering temperature is 
required. 

The junction depth of the emitters with 70 and 90 
Ω/sq is quite similar. Still, there is no evident difference 
in the shunt formation for these wafers. The 
concentration of the phosphorous at the surface (for this 
doping level) does not affect the metal diffusion as 
strongly as the junction depth. A deeper junction, as 
provided by the 60 Ω/sq, even with lower doping 
concentration (alike the 90 Ω/sq) is beneficial. 

An attempt to remake the experiment, as shown in 
Fig. 7, with fully plated contacts (lower Rs and higher 
FF) failed, due to the low adhesion from the nickel to the 
silicon before sintering. Without a sintering step in 
between, the whole grid was lost during Ag plating (~10 
µm).  

Table I Silicon solar cells with a Nickel, LIP front-side 
and Al-BSF at the rear-side 

Area VOC jSC FF PFF η 

[cm2] [mV] [mA/cm²] [%] [%] [%] 

25 (8 cells) 615.7 34.89 75.9 77.2 16.3 

25 (best) 614.1 35.60 76.6 77.7 16.7 

141.2 (best) 620.4 35.04 71.4 75.6 15.5 

 
Intensive variations led to the average results 

presented here. These cells are all processed in the same 
manner with the 60 Ω/sq emitter in an acidic plating 
solution with a 2nd Ag plating step (~10 µm thick). 
  

4.7 Further improvements 
Improvement of each step in this industrial process is 

still in progress. For example, the results presented on 
this paper are for wafers with a line width ~130-150 µm 
after Ag plating. After improving many details in the 
processing we are now able to produce lines of ~20 µm 
on textured wafers (Fig. 7). After the Ag plating step the 
thickness would be ~40 µm, improving the current due to 
lower shadowing and reducing the fill factor loss, due to 

a reduction in the recombination area.  
An alternative for a metallization based on electroless 

nickel allowing sintering at higher temperatures, with 
lower shunting risk, is presented by the formation of a 
selective deep emitter under the contacts [15] leading to 
efficiencies over 21%; or in a more industrial approach 
by laser grooves as processed by BP Solar [16]. Other 
possibilities to form such emitters are currently being 
evaluated, for example by LCP [17]. 
 

5 CONCLUSIONS 
 

In this paper, we have presented a process for the 
front-side metallization of silicon solar cells based on the 
structuring of the ARC by forming a mask through ink-
jet printing and wet chemical etching. Formation of the 
seed layer is performed by electroless nickel plating and 
LIP to thicken the electrical contacts.  

Several steps had to be developed or optimized in 
order to achieve this process. Results of the evaluation of 
the etching process for the silicon nitride with a 
commercial SiO-etch solution are presented here (Fig.5).  

Thanks to the optimization of the masking process 
lines with a width of 20 µm after nickel deposition have 
been manufactured by this structuring method (Fig.7).  

The influence of emitters on the diffusion of the 
nickel through the junction has been evaluated by the 
observation of the reduction of the PFF with Suns_Voc. 
For the phosphorous doping range evaluated within these 
experiments, the junction depth plays a more important 
role in the formation of shunts than the surface dopant 
concentration.  

The potential of this process combined with the 
possibility to implement a passivation layer at the rear, 
without requiring a firing step optimized for the front 
side is very high. More work is currently done in the 
implementation of the right emitter profile, improving the 
ink’s chemistry, the chemistry of the nickel solution, the 
sintering profile and the Ag deposition from a CN- free 
in-line machine.  
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