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Abstract 

We evaluate industrial-type PERC solar cells applying a dual printed front grid with stencil printed Ag fingers. We vary the Ag 
paste consumption for the finger print between 8.4 mg and 120.4 mg per 156 × 156 mm² wafer (weighted after printing before 
drying) by using polyurethane squeegees with different shore hardness as well as a metal squeegee and by varying the printing 
pressure to obtain different finger heights.  The busbar consumes additional 19.5 mg Ag paste. We obtain average finger heights 
from 5.9 μm up to 24.3 μm for 55 μm to 65 μm wide fingers. The resulting PERC solar cells show an average efficiency of 
20.2% for finger paste consumptions above 60 mg. In contrast, a strong reduction of the conversion efficiency with less than     
60 mg finger paste consumption is observed since the increased series resistance reduces the FF. By analytical modelling, we 
compare the calculated series resistance to the experimental data and observe a good accordance for more than 40 mg finger 
paste consumption whereas the experimental series resistance slightly exceed the modelled values below 40 mg. In addition, we 
use numerical simulations to investigate the series resistance dependence on the finger height which shows higher experimental 
values for finger height below 10 μm. The deviation of the measured series resistance and the two modelled cases is mostly due 
to inhomogeneous distribution of finger height profiles and finger interruptions on the solar cells with front finger paste 
consumption of less than 40 mg. For finger paste consumption below 60 mg, we find that also the specific contact resistance 
increases. A physical model of the root cause for this dependence still has to be found. 
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1. Introduction 

Industrial-type passivated emitter and rear cells (PERC) typically apply a screen-printed silver (Ag) front contact 
with a single print process using a mesh screen resulting in a paste consumption between 100 mg and 140 mg per 
156 × 156 mm² wafer [1]. Due to the strongly improved rear side of PERC cells [2], future efficiency increases are 
expected to originate from optimization of the front side grid [3,4]. In addition to the efficiency improvement, 
reducing the Ag paste consumption is a further important contribution to minimize the module cost per watt peak. 
Dual print [5] of the Ag front grid is a promising technique to meet both objectives. The dual print process applies 
two printing steps. First, the busbars are printed with a non-firing through Ag paste using an optimized mesh screen 
for lower paste consumption. Then, the fingers are printed with a stencil [6] which features 100% open area in the 
aperture. This leads to a benefit of excellent paste transfer efficiency and line height uniformity when compared to a 
mesh screen´s typical 60% open area [7]. Thus, dual print provides a smooth finger profile in combination with a 
fine line printed silver finger width while maintaining a sufficient finger height in order to reduce resistive losses. 
Previous work on dual print demonstrated an efficiency up to 19.8% with an Ag paste consumption of 67.7 mg [8] as 
well as an efficiency of 21.2% with 74 mg Ag paste consumption applying a 5 busbar front grid [4]. 

In this paper, we investigate the dependence of the conversion efficiency on the finger paste consumption of 
PERC solar cells with a homogeneously diffused emitter and a dual printed front grid using a 40 μm stencil aperture. 
In order to achieve high efficiencies with a low Ag paste consumption, we use polyurethane squeegees with different 
shore (S) hardness as well as a metal squeegee and vary the printing pressure to obtain different finger heights. We 
measure the resulting Ag paste consumption after printing before drying, the resistance contribution of the front 
metallization, and all IV parameters of the final PERC solar cells. In addition, we analyze the experimental series 
resistance values by analytical calculations, while their dependence on the finger profile is modelled with numerical 
simulations. 

2. Influence of stencil printing parameters on Ag paste consumption and front grid resistances 

In the first printing step, a non-firing through Ag paste is printed with a standard rectangular shaped 3 busbar 
design resulting in an Ag paste consumption for the busbars of 19.5 mg after printing prior to drying. The 
subsequently applied nickel stencil has 101 fingers with an aperture of 40 μm. We use a commercially available 
silver paste for the finger print in this study. We test polyurethane squeegees with S hardness of 75A, 80A and 95A 
as well as a metal squeegee. The printing pressure is varied between 2.5 kg and 6 kg. The snap off and printing 
speed is kept constant. These printing variations lead to a measured Ag paste consumption on a cell after printing 
prior to drying for the finger print between 8.4 mg and 120.4 mg. 

The finger profiles obtained with the different printing parameters are analyzed with a Wyko NT9100 optical 
profilometer. Images of the printed Ag fingers for three exemplary profiles are displayed in Fig. 1 a) – c). The 
min./max. values are derived from the mean values of the highest and lowest finger heights at three different 
positions of the solar cell. The printed finger width is 55 μm using polyurethane squeegees and 65 μm using the 
metal squeegee. We calculate the average finger height by measuring the finger profile over a finger length of  
 
  a) Shore hardness 75A   b) Shore hardness 95A  c) Metal squeegee 
  Avg H = 5.9 μm    Avg H = 12.6 μm   Avg H = 23.2 μm 
  Min H = 4.6 μm    Min H = 11.0 μm   Min H = 21.1 μm 
  Max H = 7.1 μm    Max H = 14.0 μm   Max H = 25.4 μm 

 
 
 
 
 

Fig. 1: Finger profiles measured with an optical profilometer printed using a) shore hardness 75A squeegee, b) shore hardness 95A squeegee and 
c) metal squeegee. “H” denotes the measured finger height. 
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Fig. 2: Finger paste consumption versus average finger height measured with an optical profilometer. The data points present the average finger 
height of finger profiles on three different positions on a cell. The error bars are chosen according to the min./max. values of average finger 
heights at the three positions.  

0.5 mm at the bottom, the mid, and the top of the cell between the busbars in parallel to the squeegee of the finger 
stencil print. The measured average finger heights are displayed in Fig. 2 and show a nearly linear decrease of the 
finger paste consumption with decreasing finger height. We achieve the greatest average finger height of 24.3 μm 
with a finger paste consumption of 114.1 mg using the metal squeegee. The metal squeegee in contrast to the soft 
polyurethane squeegee does not penetrate into the stencil opening during the print and hence achieves the greatest 
finger heights. The smallest measured average finger height is 5.9 μm with a finger paste consumption of 40.7 mg 
using S hardness 75A squeegee. Finger heights with finger paste consumption below 40 mg are not measured 
because these cells have many finger interruptions and a very inhomogeneous printing image which would lead to 
an incorrect measurement of the average finger height. The error bars are chosen according to the min./max. values 
of average finger heights at the three measurement positions which indicates the finger height uniformity across the  
 
    a)           b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3: Measured a) finger line resistance rL and b) specific contact resistance c versus finger paste consumption. The green lines refer to fitted 
curve of the experimental data with a) a physical model and b) a mathematical power function. The error bars in b) show the standard deviation 
of the measured c on the cells. 
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cell. The cells printed with the metal squeegee show a very uniform distribution with a min./max. variation between 
0.35 μm and 0.55 μm. However, the min./max. variation for the cells using the polyurethane squeegees is in the 
range of 1.3 μm and 3.8 μm. The non-uniform finger heights across the wafer could be caused by an imperfectly flat 
mounted polyurethane squeegee or by suboptimal chosen printing parameters which we have to investigate in more 
detail. All printing options show a nearly flat surface profile along the finger length for single measurements with a 
standard deviation between 0.31 μm and 1.56 μm. 

In addition, we measure the finger line resistance rL as well as the specific front contact resistance c to the 
emitter. For the finger line resistance shown in Fig 3a), we measure the resistance between the busbars taking into 
account the distance between the busbars as well as the number of fingers. We fit the experimental data by assuming 
that the finger line resistance depends on the specific resistivity of the Ag paste divided by the finger cross-section 
area. For the calculation of the cross-section area we use a trapezoidal shaped finger with a bottom finger width of 
62 μm and a top surface width of 21.7 μm to match the finger profile measurements in Fig. 1. To fit the model with 
the experimental data, the specific resistivity is set to 4 μOhmcm which is comparable to the data sheet which 
reports 3 μOhmcm for that Ag paste. The lowest rL of 0.39 /cm is obtained with the highest finger paste 
consumption of 120.4 mg. The specific contact resistance in Fig. 3b) is measured using the transfer length method 
TLM [9]. The measurement is done on 10 mm narrow strips to ensure that the varying finger line resistance does not 
influence the TLM results. The measured contact resistance values are corrected by outliers which may results from 
finger interruptions at low Ag paste consumption. The PERC solar cells show an average c of 1.27 m cm² for a 
finger paste consumption above 60 mg. However, the specific contact resistance increases strongly for a finger paste 
consumption below 60 mg. We fit the experimental data by a mathematical power function. The fitted curves in 
these graphs are used later for the calculation of the total series resistance of PERC solar cells. As the dependence of 
the specific contact resistance on the paste consumption and finger height is unexpected, we will investigate the root 
cause for the dependence in the future in more detail.  

3. PERC solar cells with dual print 

             Ag contact finger 
          SiNx 
 
          Emitter 
 
          Base      p-type 
 
 
          Al2O3/SiNx 
              Aluminium 

Fig. 4: Schematic drawing of the PERC silicon solar cell with printed Ag front and Al rear contacts. 

We use 2 cm, 156 × 156 mm², boron-doped Czochralski-grown silicon wafers with a thickness of 180 μm. The 
process flow is described in detail in [2]. Here we just highlight the most important process steps. After cleaning and 
damage etching, we deposit a protection layer on the rear side before texturing in an alkaline batch process. After a 
homogenously diffused phosphorus emitter of 65 /sq sheet resistivity, the protection layer is removed by wet 
chemistry, followed by a cleaning step. The rear side is passivated by an atomic-layer deposited (ALD) Al2O3/SiNx 
layer stack, whereas the front side is covered with a PECVD SiNx antireflective layer. Line-shaped laser contact 
openings (LCO) are formed on the rear side using a picosecond laser with a wavelength of 532 nm. We use a DEK 
Eclipse printer for the dual print of the silver front side metallization and evaluate different printing parameters as 
described above. After the front grid print, the rear side of the PERC cell is screen-printed full-area with aluminium 
(Al) paste. A drying process in a belt furnace completes each printing step. The front and the rear contacts are fired 
in a conventional belt furnace during which the Al paste locally alloys with the silicon wafer at areas where the rear 
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passivation has been removed by laser ablation. A schematic drawing of the resulting PERC solar cell is shown in 
Fig. 4. 

Figure 5 a) – d) shows the conversion efficiency  as well as the open-circuit voltage Voc, the short-circuit 
current-density Jsc, and the fill factor FF of the resulting PERC solar cells versus the finger paste consumption. For 
finger paste consumptions above 60 mg, the PERC solar cells show an average efficiency of 20.2%. However, with 
less than 60 mg finger paste consumption a strong reduction of the conversion efficiency is observed since the 
increased series resistance reduces the FF. Most of these solar cells obtained an average value of 655 mV for the Voc 
and 38.4 mA/cm² for the Jsc. For finger paste consumptions below 20 mg, the PERC cells show a reduced Voc and Jsc 
caused by many finger interruptions. 

The grey star-shaped data point in Fig. 5 a) – d) refers to an optimized diffusion process and shows the highest 
conversion efficiency with dual print. For this cell, we use another POCl3 diffusion which leads to a final sheet 
resistance of 100 /sq. Additionally, standard rectangular shaped 3 busbar design is changed to a segmented 3 
busbar design [8] which leads to a reduced fraction of the Ag paste consumption of the busbars to the total front side 
 

 
 

      a)       b) 
 

 
 
 
 
 
 
 
 
 
 
 
 

      c)       d) 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 5: Conversion efficiency  (a), open circuit voltage Voc (b), short circuit current Jsc (c) and fill factor FF (d) of PERC solar cells versus the 
finger paste consumption. The conversion efficiency of PERC cells starts to strongly decrease for finger paste consumptions below 40 mg. The 
grey star-shaped data point refers to the highest efficiency of 20.9% using a slightly increased emitter sheet resistance compared to the other 
PERC solar cells.  
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Ag paste consumption. In this case we use a commercially available stencil Ag paste. This PERC solar cell achieves 
a conversion efficiency of 20.9% with Voc of 663 mV, Jsc of 39.2 mA/cm² and a fill factor FF of 80.4% and requires 
136.2 mg Ag paste consumption which can divided into 122.0 mg for the finger and 14.2 mg for the busbar print. 

4. Modelling of the series resistance 

a)               b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6: Comparison of the experimental data for the series resistance versus a) the finger paste consumption to a calculated Rs from analytical 
model b) the finger height to Rs from numerical and network simulations. 

In order to analyze the dependence of the series resistance Rs on the finger paste consumption, we compare the 
analytically calculated series resistance to the experimental data. We use the following equations to model the series 
resistance [10]: 

 
(1) 

 
The finger resistance is described by 

 
(2) 

 
with the finger line resistance rL and the finger length lf which corresponds to the half distance between two 
neighbouring busbars. The area of the unit cell Auc is defined as the half of the finger pitch s times a which 
corresponds to the half pitch between two neighbouring busbars. The front contact resistance is given by 
 

 
(3) 

 
 

with the specific contact resistance c of the Ag paste to the emitter, the emitter sheet resistance Rsheet and the finger 
width wf. We assume constant values of Remitter, Rbase, and Rrear and use the fitted curves for finger line resistance rL 
and specific contact resistance c values shown in Fig. 3a) and b) to calculate the series resistance versus the finger 
paste consumption. Figure 6a) shows the series resistance of the PERC solar cells which strongly increases for front 
side finger paste consumptions below 40 mg. The green line refers to modelled Rs values applying equations 1) to 
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3). We observe a good accordance for more than 40 mg finger paste consumption whereas the experimental series 
resistance values slightly exceed the modelled values below 40 mg. The root cause for this slight discrepancy still 
has to be analyzed. 

In addition, we compare the measured series resistance to series resistance values obtained by numerical 
simulations. Firstly, we simulated the IV curve of a small irreducible domain of a PERC cell using the software 
Sentaurus Device [11,12]. Secondly, we simulated the IV curve of the entire cell by a SPICE simulation [13,14], 
where we lay out the irreducible domain multiple times like tiles and connect them with resistances that represent 
segments of the front metal fingers and the busbars. In the SPICE simulation, we use a specific Ag paste resistivity 
of 3 μ cm, 101 fingers and three busbars. To compute the total series resistance of the metallization, the cross 
section area of the metal fingers is modelled assuming a trapezoidal shaped finger with a bottom finger width of    
62 μm and a top surface width of 21.7 μm. The finger height is assumed to be perfectly uniform across the finger 
length which is a valid approximation for stencil-printed fingers. To simulate the series resistance dependence on the 
finger height, we vary the finger height from 1 μm to 25 μm. In Fig. 6b), a comparison of the measured and 
simulated series resistance versus the finger height is displayed. The error bars are chosen according to Fig. 2. The 
simulation indicates a further possible reduction of the Ag paste consumption for high cell efficiencies shown by the 
simulated series resistance below 1 cm² for a uniform finger height of 5 μm across the cell which corresponds to 
40 mg finger paste consumption. The series resistance dependence on the finger height obtained with numerical 
simulations shows higher experimental values for finger heights below 10 μm. The rather strong deviation has two 
main reasons. First, we determined an increased specific contact resistance with reduced finger paste consumption 
shown in Fig. 3b) whereas c is kept constant at 1.5 m cm² for all finger heights in the simulation shown in        
Fig. 6b). The second possibility is that the observed inhomogeneous finger height on different cell positions as well 
as finger interruptions for low finger paste consumption produces local higher series resistances that are not included 
in the grid simulation. 

5. Conclusion 

This paper systematically evaluates the influence of the Ag paste consumption for the finger print on the 
conversion efficiency by varying the finger height of dual printed PERC solar cells. With different printing 
parameters we vary the front finger paste consumptions after printing prior to drying between 8.4 mg and 120.4 mg 
where the busbars consume additional 19.5 mg. The average finger height varies between 5.9 μm and 24.3 μm 
accordingly. For finger paste consumptions above 60 mg, the PERC solar cells show an average efficiency of 
20.2%. However, with less than 60 mg finger paste consumption a strong reduction of the conversion efficiency is 
observed since the increased series resistance reduces the FF. By analytical modelling, we compare the calculated 
series resistance to the experimental data. For more than 40 mg Ag paste consumption we observe a good 
accordance between the series resistance values. However, for paste consumptions below 40 mg the experimental 
series resistance values slightly exceed the modelled values. The series resistance dependence on finger height 
obtained with numerical simulations shows higher experimental values for finger heights below 10 μm. The 
deviation of the measured series resistance and the two modelled cases for low paste consumption and small finger 
heights, respectively, is most likely due to inhomogeneous distribution of finger height profiles and finger 
interruptions on the solar cells with front finger paste consumption of less than 40 μm. In addition, we find that the 
specific contact resistance strongly increases for finger paste consumptions below 60 mg. A physical model of the 
root cause for this dependence still has to be found. 
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