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ABSTRACT: Within this work, seed layer grids for solar cell front side metallization were applied using flexographic 
printing which represents an innovative, high-throughput approach for solar cell front side metallization. Fine line 
seed layer contact grids with a silver consumption lower than 10 mg per cell could be realized on alkaline textured 
Czochralski-grown silicon wafers with an edge length of 156 mm. Subsequently, the seed layer has been reinforced 
with silver using light induced plating (LIP). In order to determine the optimum LIP process, three groups were 
plated with different amounts of silver deposition. The results were analyzed before and after plating regarding silver 
consumption, contact finger geometry and interruptions. Solar cell parameters were determined after plating. It was 
demonstrated, that a homogeneous front side seed layer metallization without interruptions down to a line width of 
25 µm can be realized using flexographic printing. The best cell reached a conversion efficiency of 18 % after silver 
LIP which is comparable to standard screen printed cells on the used Si wafer material. Furthermore, an economic 
comparison was carried out to illustrate the potential of solar cell metallization using rotational printing methods with 
subsequent Ag-LIP or Ni/Cu/Ag-LIP compared to state-of-the-art screen printing technology. 
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1 INTRODUCTION 
 

Reducing costs per Watt peak is currently the pre-
dominant goal for the solar cell industry. Considering the 
manufacturing costs, metallization is a mayor material 
cost driver in the manufacturing process of crystalline 
silicon solar cells [1]. To date screen printing is still the 
standard technology for applying the metallization within 
the crystalline silicon solar cell industry. However, screen 
printing holds limitations in terms of throughput, reali-
zation of narrow contact fingers and transfer of small 
amounts of silver on textured silicon substrates. Among 
others, deposition of plated silver via light induced plat-
ing (LIP) on printed and fired seed layers is one approach 
to improve emitter contact as well as the conductivity of 
the front side metallization compared to screen printed 
contact grids [2]. Reinforcing the printed and fired seed 
layer with nickel as diffusion barrier, copper as cheaper 
and equally conductive alternative to silver and a silver 
capping layer (Ni/Cu/Ag) using LIP is an even more pro-
mising approach to reduce the cost of the front side 
metallization process [3]. Other possibilities to realize the 
capping layer are tin (Sn) or organic surface protection 
(OSP). Several novel approaches like inkjet [4] and Aero-
sol printing [5,6] have been investigated to realize seed 
layer front side grids. Yet none of these technologies has 
been leveraged to industrial production due to limited 
throughput rates and inadequate reliability of the process.   

 Flexographic printing, also referred to as flexo-
graphy or flexo, offers a promising high-throughput alter-
native to state-of-the-art screen printing technology. The 
potential of flexography to transfer fine line seed layer 
contact grids with very fast printing velocity enables this 
technology to reduce the cost of solar cell front side 
metallization significantly. Although screen printing is 
also able to transfer seed layers using fine line meshes, 
flexographic printing entails a significant silver reduction 
due to reduced seed layer thickness and a significantly 
higher output rate. Furthermore, small contact fingers 
with better edge definition can be realized, which is 
favorable to reduce shading on the active cell area [7, 8].  

Flexography is a rotational printing method, which is 
widely used in roll-to-roll package printing on corrugated 
cardboard, foils, paper and other substrates. Several 
publications have demonstrated, that flexography is well 
suited for printed electronics applications, such as carbon 
nanotubes on polycarbonate foils [9], printed organic 
field-effect-transistors (OFETs) [10] or polymer solar-
cells [11,12]. Previous studies on laboratory scale at 
Fraunhofer ISE together with TU Darmstadt showed, that 
solar cells with flexo printed front side seed layers and 
subsequent Ag-LIP feature conversion efficiency gains 
up to 0.7% absolute compared to screen printed reference 
samples [7]. Further investigations suggest that printa-
bility and resulting finger geometry are governed by the 
paste viscosity [8].  

The present contribution carries these investigations 
further and demonstrates that flexography is feasible to 
transfer fine line seed layer front side grids on Czoch-
ralski-grown textured silicon solar cells with an edge 
length of 156 mm. A detailed cost calculation compares 
the cell costs per Watt peak (Wp) for solar cell metalli-
zation using rotational printing methods at different 
output rates and subsequent Ag-LIP or Ni/Cu/Ag-LIP 
with state-of-the-art screen-printed cell metallization. 
 
 
2 FLEXOGRAPHIC PRINTING 
 
 Flexographic printing is a usually roll-to-roll based 
printing method utilizing flexible relief printing plates.  
A steel cylinder with a finely textured chromium or 
ceramic surface, referred to as anilox roller, transfers a 
specific amount of ink from the ink reservoir onto 
elevated areas of the printing plate. This characteristic 
amount of ink is specified as dip volume and is defined 
by the angle, volume and line screening of the engraved 
cells. The dip volume is denoted in ml/m². Excessive ink 
is removed by a doctor blade before the anilox roller wets 
the printing plate with a uniform layer thickness. Finally, 
the ink is transferred from the printing plate onto the 
substrate (Fig.1) [7,13]. 
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 Flexography is well suited for high quality printing 
on rough surfaces due to the flexibility of the printing 
plate. As the printing process requires only low printing 
pressure, flexography is also well applicable for fragile 
substrates like silicon wafers. Flexographic printing plat-
forms are usually roll-to-roll based. In order to use this 
technology for the metallization of silicon solar cells, a 
new roll-to-wafer machine will be required (Fig. 1). 
 

Figure 1: Flexographic printing: the ink is transferred by 
an anilox roller from the ink reservoir onto elevated 
elements of the printing plate and from there onto the 
silicon wafer 
 
Other than screen printing pastes, which show a shear-
thinning and thixotropic behavior with a yield point 
which has to be overcome to initiate the flow of the paste 
[20], inks used in flexographic printing typically show a 
very low viscosity and a negligible yield point. The 
effective viscosity of the ink during the printing process 
depends strongly on the shear stress within the printing 
nip. From literature, shear rates in the range of 1.000-
100.000 s-1 [21] and viscosities between 50–500 mPas are 
stated as realistic for flexographic printing on industrial 
scale. Other sources assume a shear rate in the order of 
magnitude of 10.000 s-1 within the printing nip of 
flexographic printing machines [22]. The wide range of 
applicable shear rates can be explained by a variety of 
different rheological conditions during the printing pro-
cess, as the ink has to pass from the ink reservoir over 
anilox roller and printing cylinder onto the substrate. 
Therefore, viscosity should be measured not only at one 
shear  rate, but over a wider range of shear rates to extract 
a realistic prediction of the rheological behavior of the 
ink throughout the printing process. 
 
 
3 EXPERIMENTAL APPROACH 
 
3.1 Materials and printing platform  

For the experiments, standard alkaline textured  
p-type Czochralski-grown silicon (Cz-Si) wafers with an 
edge length of 156 mm and an n-type emitter with a mean 
sheet resistivity of 65 /sq and a base resistivity of  
3-6 cm were used. The wafer material has been coated 
with an antireflective layer on the front side. The back 
side metallization consisting of silver solder pads and 
aluminum back surface field (Al BSF) has been applied 
using standard screen printing technology and dried 
directly after printing in an inline furnace. An H-pattern 
grid design consisting of three busbars (1.5 mm width) 
and 84 contact fingers (25 µm width) has been designed 
for the front side metallization. A polymer printing plate 
with a shore hardness of 62° Shore A has been used as 
printing form. Using a high-resolution image setting 

process, line widths of wf = 25 µm have been generated 
on the printing form. As the mounting of the flat printing 
form on the round cylinder surface leads to an elongation 
of the resulting imprint, a length compensation within the 
digital data before the platemaking process has been 
carried out. To realize the front side seed layer metalli-
zation, a roll-to-plain flexographic printing machine with 
a vertically adjustable vacuum substrate holder has been 
used (Fig. 2). The printing form has been mounted onto 
the printing cylinder using an adequate substructure. The 
wafers were positioned manually on the substrate holder 
before each printing step.  

Figure 2: Flexographic printing platform used to carry 
out the roll-to-wafer printing experiments 
 
A flexography seed layer ink has been prepared at 
Fraunhofer ISE (similar to the aerosol ink SISC [5,6,14]). 
The ink contains, besides solvents and dispersants for 
printability, particles smaller than 1 µm, namely silver 
and glass frit. The latter is responsible for contact 
formation and adhesion. Swell tests have been carried out 
to ensure the compatibility of the deployed solvent and 
the printing plate. Viscosity of the silver ink has been 
measured using an Anton Paar MCR 101 rotational rheo-
meter with a cone-plate setup (dcone = 50 mm,  = 1°). 
The applied shear rate has been varied in a range of 
0.001–10.000 s-1. 

 
3.2 Experimental setup 
 Printing experiments were conducted using flexo-
graphic printing at defined speed and printing pressure. 
An anilox roller with a screening of 130 l/cm has been 
used to transfer a defined amount of ink. The parameters 
of the printing process were kept constant over the 
complete cell batch to minimize influences of the printing 
process itself. The samples were subsequently dried for  
2 minutes at T = 200°C using a cabinet drier. The amount 
of silver on the front side has been determined by 
weighing the cells before front side metallization and 
again after printing and contact firing. As the reference 
weighing before the flexo printed front side metallization 
includes organics within the dried back side metallization 
which have been burned out after the second measure-
ment, the real amount of deposited silver on the front side 
could be slightly higher than the determined values.  
A firing variation at three peak set temperatures  
(T1 = 880°C, T2 = 900°, T3 = 920°C) has been carried out 
in an industrial fast firing furnace to identify the optimum 
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contact firing conditions. Afterwards, the cells were fired 
at the optimum condition. Subsequent laser edge isolation 
on the back side has been carried out to ensure satisfying 
edge isolation for the LIP process. The contact width of 
the printed and fired contact fingers has been determined 
at two defined positions of each cell using an Olympus 
LEXT confocal microscope. The height of the seed layer 
contact fingers was measured at three positions at an ion 
polished representative cross-section using Hitachi SU-70 
SEM. To evaluate the amount of interruptions within the 
printed and fired front side grid, a full-area scan in 
combination with an automatic detection of interruptions 
wider than the minimum pixel size of dmin = 21 µm has 
been carried out on representative cells before and again 
after plating.  
 Subsequently, the front side seed layer contacts were 
reinforced by Ag-LIP. To identify the optimum amount 
of deposited silver, three variations were carried out. The 
target amount of plated silver has been varied with 100 
and 130 mg per cell using a standard inline plating 
process where the cells are fully immersed in the 
electrolyte during the process. An additional group has 
been plated with a target of 130 mg silver in a manual 
process where the cell is only wetted on the front side. 
This prevents the isolation between emitter and base from 
being shunted by parasitic plating at the laser groove. 
Subsequently, a second laser edge isolation has been 
carried out to reduce losses due to insufficient parallel 
resistance. Height and width of the plated contacts were 
again determined by confocal microscopy at identical 
positions. Contact resistance of representative samples 
was measured after plating using transfer length method 
(TLM) [17,18,19]. The best cell has been regenerated 
under illumination at an elevated temperature to avoid 
degradation by recombination-active boron-oxygen 
complexes [15,16]. Finally, the electrical solar cell 
parameters were quantified using an industrial cell tester 
(Fig. 3). 
 

 
Figure 3: Experiment plan  
 
 
 

4 EXPERIMENTAL RESULTS 
 
4.1 Rheological investigations 

As shown in figure 4, the silver ink which was 
prepared for the experiment shows a shear-thinning 
characteristic up to a shear rate of   500 s-1 and 
approximates a near-Newtonian behavior at higher shear 
rates indicating that the viscosity stays constant at 
increasing shear rates  > 500 s-1. The result shows that 
the viscosity s = 50 mPas (at shear rate s = 1.000 s-1) 
of the prepared ink is within the typical range of 
flexographic inks.  

Figure 4: Dynamic viscosity of the silver ink 
 
4.2 Analysis of silver deposition and finger geometry 
after flexographic printing and Ag-LIP 
 In spite of the relatively big dip volume of the anilox 
roller, a very low average amount of ms,avg = 9.5 mg 
silver after firing has been transferred on the front side of 
the cells via flexographic printing. The results of the full 
area scan of the front side grid revealed no significant 
interruptions wider than dmin = 21 µm on the selected 
cells after printing, which could lead to finger inter-
ruptions after Ag-LIP. Smaller interruptions are closed in 
most cases during LIP. In respect of the contact finger 
width, an average seed layer finger width ws = 66.6 µm 
with a standard deviation of s =12.4 µm over all cells 
has been determined after contact firing. The smallest 
finger width was determined with ws,min = 24.7 µm  
(Fig. 5). 

Figure 5: Seed layer contact finger with finger width 
ws,min = 24.7 µm realized with flexographic printing 
 
The average height of the printed and fired seed layer 
contacts is determined with hs,avg = 3.8 µm (standard 
deviation h  = 0,7 µm) at three positions of a cross-
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section polish with SEM as shown in figure 6. The height 
was measured from the pyramid valleys.  

Figure 6: Determination of contact finger height via 
SEM  
 
The printed and fired seed layer contacts were enhanced 
with Ag-LIP in three different variations. Variation A and 
B were enhanced using standard Ag-LIP process with an 
average silver deposition of mA,avg = 104.5 and accordingly 
m B,avg = 135.7 mg. Variation C has been processed using a 
one-side manual Ag-LIP with an average deposition of 
mC,avg = 130.5 mg silver. Table I shows the resulting 
average finger width and height after Ag-LIP. Variation A 
showed the smallest finger width wp,A = 78.9 µm after Ag-
LIP, which can be traced back to the smallest initial seed 
layer width ws,A = 45.9 µm on the one hand and a smaller 
amount of silver deposition by Ag-LIP on the other hand. 
Comparable finger widths wp,B and wp,C were determined 
for variation B and C, with slight differences resulting 
from varying initial seed layer widths ws. 
 
Table I: Finger geometry after printing and Ag-LIP 
 
   Seed layer  Plated finger  Plated finger 
  width ws [µm] width wp [µm] height hp [µm] 

Var. A 45.9 78.9 10.4 
Var. B 74.1 90.7  9.4 
Var. C 64.5 84.8 8.4 
  
 
4.3 Solar cell results   
 The printed and fired seed layers could be enhanced by 
Ag-LIP without difficulties and showed acceptable solar 
cell results (Table II). Taking a closer look at the solar cell 
parameters, it can be seen that the open circuit voltage Voc 
shows typical values considering the used Si wafer 
material. As generally known, the cell current is increasing 
with reduced shading on the front side due to a higher 
amount of generated charge carriers. Thus, a smaller 
contact finger width wp leads to an increased short circuit 
current density jsc. As expected, a higher jsc could be 
observed for cells of variation A with the smallest amount 
of silver deposition and thus the smallest average finger 
width wp after plating. In order to evaluate the quality of 
the front side metallization, a closer look at the solar cell 
parameters related to the front side metallization is 
essential (Table III). Serial resistances Rs < 1 cm² were 
determined on all variations after Ag-LIP. The comparison 
of the average grid resistance revealed, that variant B and 
C held a significantly lower grid resistance than variant A 
due to a the higher amount of plated silver on the front 
side contacts. As the fill factor FF shows no negative 
influence in consequence of the increased grid resistance, a 
deposition of 100 mg Ag or less by LIP is sufficient for 

further experiments. The specific contact resistance c in 
the range of 6-8 mcm² is comparable to typical screen 
printed contacts. Parallel resistances Rp > 1 kcm² were 
determined on all plating variants. All three variants 
showed conversion efficiencies , which are comparable 
to screen printing results on the used Si wafer material 
[23,24]. A detailed comparison of the conversion effi-
ciency  showed a slightly enhanced average conversion 
efficiency A of variant A. This indicates that a lower 
amount of plated silver resulting in smaller finger width 
wp after plating and thus a higher short circuit current 
density jsc due to reduced shading is favourable for 
further experiments. A maximum conversion efficiency 
of max = 18.0 % after regeneration could be achieved in 
a following experiment with a slightly improved ink 
formulation, using the same process and material. 
 
Table II: Solar cell results (as processed) after Ag-LIP 
measured with an industrial cell tester 
 

  Voc Jsc FF  
  [mV] [mA/cm²] [%] [%] 

Var. A   Avg. 625.9 36.8 77.1 17.8 
              Best 625.9 36.7 77.4 17.8 
Var. B   Avg. 625.5 36.5 77.3 17.6 
              Best 626.2 36.6 77.9 17.8 
Var. C   Avg. 626.7 36.5 76.9 17.6 
              Best 625.7 36.5 77.4 17.7 
 
Table III: Solar cell parameters related to the front side 
metallization after Ag-LIP 
 

  GridRes Rs c  
              [/m]        [cm²]       [mcm²] 

Var. A   Avg.  53.3 0.8 5.9 
Var. B   Avg.  37.7 0.7 6.4 
Var. C   Avg.  36.1 0.8 8.2 
               
 
5 ECONOMIC ANALYSIS AND COMPARISON 
 
5.1 Input data for the cost calculation 
 A detailed economic comparison of solar cell 
metallization using rotational printing methods with 
state-of-the-art screen printing process was carried out 
using the Cost of Ownership calculation tool “SCost”, 
which is developed at Fraunhofer ISE and enables a 
complete simulation of the whole value chain from the 
as-cut wafer to the finished PV module [25]. As the 
quality of the input data is essential for a realistic result 
of an economic analysis, data for this comparison is 
based on experience within the industrial scale pilot line 
at the Photovoltaic Technology Evaluation Center  
PV-TEC [26] as well as through the exchange with a 
wide range of industrial manufacturers. 
 To compare the economic potential of flexographic 
cell metallization with subsequent Ag-LIP or Ni/Ag/Cu-
LIP with state-of-the-art screen printing, a virtual solar 
cell manufacturing plant with an estimated output of 
1.2 GWp/a has been taken as basis. An average conver-
sion efficiency of avg = 18.5 % of the manufactured cells 
has been assumed for all process routes. Latest market 
prices for silicon wafer material, raw materials and 
supplies have been used. The resulting cell costs per Wp 
(Watt peak) were calculated for rotational cell metalli-
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zation with subsequent Ag-LIP or Ni/Cu/Ag-LIP at 
variable output rates. The assumed output rate of the 
rotational cell metallization was varied between 1.000 
and 10.000 Wafer/h. It was assumed, that not only the 
front side metallization but also the complete metalli-
zation on the back side (Ag pads and Al BSF) could be 
realized with rotational printing methods at the same 
output rate. An applied silver ink quantity of 10 mg for 
the seed layer metallization on the front side was 
assumed. For the subsequent plating step, an amount of 
90 mg Ag and – in case of Ni/Cu/Ag-LIP – 9 mg Ni, 
80 mg Cu and 2.5 mg Ag as capping layer was taken as 
basis in order to achieve a comparable conductivity. As 
reference, the resulting cell cost per Wp for a state-of-the-
art screen printing process with an output rate of 1.800 
Wafer/h and an applied quantity of 110 mg silver paste 
for the front side metallization was calculated and 
compared to the cell metallization based on rotational 
printing with Ag-LIP or Ni/Cu/Ag-LIP (Fig. 7). 
  

 
Figure 7: Comparison of cell manufacturing process 
routes using rotational printing with Ag- or Ni/Cu/Ag-
LIP with a state-of-the-art cell manufacturing process 
using screen printing for front and back side metallization 
 
5.2 Results of the economic comparison  
 For the reference process using state-of-the-art screen 
printing, the costs per cell (including wafer costs) were 
calculated with csp = 33.53 €ct/Wp. Using rotational prin-
ting methods with subsequent Ag-LIP, the output rate has 
to exceed at least 2.500 Wafer/h to compete with a state-
of-the-art screen printing metallization. If the output rate 
of this cell metallization process could be increased to 
5.000 Wafer/h, the cell costs per Wp can be lowered by 
0.70 €ct/Wp (2.1 %) compared to screen printing metalli-
zation. Increasing the output rate to 10.000 Wafer/h 
would lead to a cost saving potential of 0.98 €ct/Wp  
(2.9 %), but such an output rate does not seem realistic. 
Looking at the cost saving potential of a cell metalli-
zation based on rotational printing with subsequent 
Ni/Cu/Ag-LIP, the economic advantage is much higher. 
Assuming the same output rate as state-of-the-art screen 
printing with 1.800 Wafer/h would already lead to a cost 
saving potential of considerable 0.54 €ct/Wp (1.6 %) for a 
metallization based on this process. If the output rate 
could be increased to 5.000 Wafer/h, the cost saving 
potential can be raised to 1.66 €ct/Wp (4.9 %) and 
1.94 €ct/Wp (5.8 %), if 10.000 Wafer/h could be realized. 
The comparison reveals further, that a higher output rate 
of the individual metallization lines lead to a significantly 
reduced number of required printing lines in total, thus 
the fixed costs for the metallization process decrease with 
increasing output rate. The variable costs on the other 

hand, particularly material costs, stay constant with 
increasing output rate. This leads to a saturation of the 
cost curve at a certain level with increasing output rates, 
meaning that further increase of the output rate does not 
lead to a significant further reduction of the cell costs 
(Fig. 8).  

Figure 8: Comparison of cell costs (per Wp) for rotatio-
nal printing with subsequent Ag-LIP or Ni/Cu/Ag-LIP 
cell metallization at variable output rates with state-of-
the-art screen printing at an output rate of 1.800 Wafer/h 
 
A detailed breakdown of the costs for front and back side 
metallization reveals, that a manufacturing process based 
on rotational printing with an output rate of 5.000 
Wafer/h and subsequent Ag-LIP leads to a cost reduction 
of 12.5 % (0.70 €ct/Wp) compared to screen printing. A 
close investigation shows, that this can be traced back to 
the significantly increased output rate and thus reduction 
of the fixed costs of the rotational seed layer metalli-
zation on the one hand and to additional costs for parts 
(screen, squeegee) within the screen printing process on 
the other hand. In case of a cell metallization based on 
rotational printing with an output rate of 5.000 Wafer/h 
and subsequent Ni/Cu/Ag-LIP, the cost saving potential 
for metallization can even be raised to 29.5 % (1.66 
€ct/Wp). Increased costs for equipment, utilities (electri-
city, cooling water, exhaust), waste disposal and yield 
loss of the additional LIP line with three required plating 
steps are excelled by significantly lower costs for process 
consumables (Ni and Cu plating solutions) leading to a 
considerable overall cost saving potential (Fig. 9).  

Figure 9: Detailed comparison of the cumulative costs 
for front and back side metallization using screen printing 
or rotational printing with Ag- or Ni/Cu/Ag-LIP 
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6 CONCLUSION  
 
 Within the present contribution, flexographic printing 
was applied on Czochralski-grown silicon wafers with an 
edge length of 156 mm to realize a seed layer front side 
metallization. A seed layer silver ink with a viscosity of 
s = 50 mPas at a shear rate of s = 1.000 s-1 was pre-
pared. Using this technology, a homogenous seed layer 
front side metallization with line widths down to 
ws,min = 24.7 µm could be realized. A very low silver con-
sumption ms,avg < 10 mg per cell was determined for the 
seed layer. The printed and fired seed layer front contacts 
could be reinforced by Ag-LIP without problems. The 
amount of silver deposition within Ag-LIP was varied to 
identify the optimum amount of plated silver which could 
be determined with 100 mg. A maximum conversion 
efficiency of max = 18.0 % after Ag-LIP and regener-
ation could be reached on the best cell, which is in the 
range of expectation for the used Si wafer material.  
 Previous investigations indicate a high potential for 
flexographic printing to realize considerably smaller 
average printing widths with an enhanced homogeneity 
by further optimization of ink, printing form, anilox roller 
and machine adjustment. Further investigations should be 
carried out in order to identify the optimum process para-
meters for flexographic printing on silicon solar cells.   
 An economical comparison between rotational front 
and back side metallization at different output rates with 
subsequent Ag-LIP or Ni/Cu/Ag-LIP and standard Al 
BSF solar cells with state-of-the-art screen printed front 
and back side metallization was carried out. It was 
demonstrated, that the costs per cell can be decreased by 
2.1 % (0.70 €ct/Wp) using rotational printing methods at 
an output rate of 5.000 Wafer/h and Ag-LIP. Using this 
process at the same output rate with subsequent 
Ni/Cu/Ag-LIP leads to a considerable cell cost reduction 
of 4.9 % (1.66 €ct/Wp). As a further increase of the out-
put rate does not lead to a further significant cost 
reduction, a rotational printing system with a manu-
facturing output of approximately 4.000 - 5.000 Wafer/h 
is economically favourable. This shows that a rotational 
front and back side metallization is particularly attractive 
in combination with subsequent Ni/Cu/Ag-LIP. An even 
higher economic advantage can be expected, if the front 
side metallization could be realized using flexographic 
printing or other rotational printing methods without 
subsequent Ag- or Ni/Cu/Ag-LIP. A promising approach 
to achieve this might be multiple successive printing 
steps. 
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