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Figure 4 Simulated and measured Voc of solar cells on different materials with varying thickness and LFC contact pitch. 

 

W = 125–175 µm. By contrast, our model predicts a 
monotonic dependence of Voc on W, where Voc increases 
when Seff < D/Lb and decreases otherwise. The same trend 
is also predicted by the 2D semiconductor simulator, 
DESSIS, which has many fewer assumptions – even when 
the lifetime near the LFC contacts was permitted to vary 
(as might be the case in the experimental cells due to laser 
damage). In short, the experimental maximum could not be 
reproduced theoretically. 
 We note that the thin cells operate at ~6 times the car-
rier concentration as the 240 µm thick cells because they 
absorb almost the same number of photons and have simi-
lar recombination properties. Thus, at the Si–SiO2 inter-
face, the higher carrier concentration should lead to less 
recombination [14]. Hence, the well known injection-
dependent recombination associated with oxide passivation 
is not the source of the anomaly, which exhibits the oppo-
site trend. 
 One possible explanation for the reduction in Voc at 
very small W relates to the Schottky behaviour of the front 
and rear contacts of the cells [11, 15]. This effect was not 

included in our explicit model nor the DESSIS simulation. 
Evidence for its occurrence can be construed from Fig. 5,   
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Figure 5 Local ideality factor at Voc for cells on 0.5 �  cm FZ(B) 

with different thickness. The line is a guide-to-the-eye. 
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Figure 6 Measured FF loss due to series resistance plotted versus the cell thickness and the series resistance. No dependency on these 

parameters can be spotted. 
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Figure 7 Measured and simulated FF for different cell thickness and base material. 
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Figure 8 Simulation results of dark saturation current densities and respective implied Voc for solar cells with varying thickness on 

good and medium quality substrate material. 

 

which plots the ideality factor at Voc. Theoretically, this 
ideality factor cannot descend below unity while the cells 
are in low injection, as must be the case in these heavily 
doped substrates. But as described in Ref. [15] values be-
low unity occur when the contacts exhibit Schottky behav-
iour. A more detailed examination into the occurrence of 
Schottky behaviour in these high-efficiency cells has com-
menced. 
 Finally, another possible reason for the drop in Voc is 
that the cells were damaged by the tips of the probe during 
IV measuring. The thinnest cells are most prone such  
damage and could have suffered from multiple measure-
ments. 
 
 5 Prediction of fill factor The experimental cells 
exhibit a decrease in FF of 3.3 ± 0.7%abs per Ω cm2  
of series resistance. This rate of decline is smaller than the 
theoretical prediction of ~5%abs per Ω cm2 of the  
industrial-like cells of Pysch et al., which decline at  
4.9 ± 0.6%abs/Ω cm2 [12]. Nevertheless, the determined 
value is consistent, depending on neither thickness nor Rs 
itself, as shown in Fig. 6. 
 With this value, the FF can be estimated by multiply-
ing it with the calculated Rs and subtracting it from the 
maximum fill factor as determined from the empirical for-
mula of Green [16]: 

oc oc

max

oc

ln( 0.72)
FF ,

1

v v

v

- +
=

+

 

where voc is the normalised open-circuit voltage (Voc/Vth). 
Thus 

max s
FF FF 0.033 ,R= - ◊  

with Rs in Ω cm2. Figure 7 compares the predicted and ex-
perimental FF, showing good agreement except for very 
thin cells (due to the overestimate of the Voc described 
above). The figure also shows that the dependence of the 
predicted FF on pitch agrees reasonably well with experi-
mental dependence. 

 6 Loss analysis and optimization Using the pre-
sented modelling, a loss analysis and an optimization of 
the point contact pitch was performed. We calculated the 
different j0 contributions for the 0.5 Ω cm FZ(B) and the 
degraded 0.8 Ω cm Cz(B) for varying cell thicknesses. The 
results are plotted in Fig. 8. 
 For the degraded Cz material, a reduction in W is the 
most efficient way to increase Voc, while Lp has little influ-
ence. By contrast, for the FZ material, a reduction in W has 
less influence on Voc, while a reduction in Lp reduces Voc. 
These trends result from the diffusion of minority carriers 
to regions of high recombination (the bulk for the Cz mate-
rial, and the rear contacts for the FZ material). Note that 
for FZ, the emitter contribution is about the half of the total 
j0; thus an emitter optimization (e.g. with selective emitter) 
is a suitable optimization strategy for the good material. 
 The potential of the LFC high-efficiency cell structure 
was determined in the following way: A selective emitter 
with ρc = 0.9 mΩ cm2 (as demonstrated via Laser Chemical 
Processing/LCP [10]) and j0e = 30 fA/cm2 (attained for 
350 Ω/sq emitter) is assumed. A grid optimization using 
GridSim [9] is performed leading to a finger distance of 
480 µm (5 µm electroplating on 6.5 µm contact opening) 
and a series resistance contribution of 0.20 Ω cm2. Since 
the antireflective coating of the investigated cells is sub-
optimum, a higher jsc is assumed (Cz/0.1FZ: 39 mA/cm2, 
0.25/0.5FZ: 40 mA/cm2). These data are used to model the 
efficiency for varying pitch and wafer thickness on these 
materials, where Fig. 9 presents the results. Here, a mini-
mum thickness of 60 µm is used due to the problems  
encountered above. The absolute efficiencies for 
W = 60/80 µm of all materials as well as the efficiencies of 
the thicker Cz cells are overestimated since a constant jsc is 
assumed. While the absolute efficiency values are only 
correct for the assumed jsc and have to be adapted for each 
cell thickness the graphs are however useful to ascertain 
the optimum pitch for a given material and thickness. 
 From these results, the trend of increasing optimum 
contact pitch for decreasing cell thickness can be derived. 
It is most pronounced for higher base resistivity. Also, the   
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Figure 9 Analytical calculations of solar cell efficiencies for varying base material, cell thickness and contact pitch. Short circuit cur-

rent density is assumed to be constant as indicated in the graphs. 

 
 
sensitivity of the efficiency concerning the contact  
pitch decreases with decreasing base resistivity. For the 
0.1 Ω cm material, the variation between 250 µm and 
1500 µm contact pitch does not change the efficiency of a 
200 µm thick cell by more than ~0.1%abs. This compares to 
~0.5%abs for the same cell on 0.8 Ω cm Cz(B) material. 
 Thinner cells are obviously more sensitive to the 
change in the contact pitch due to the strong influence of 
the rear side passivation. The efficiency of a 60 µm thin 
cell on said Cz material changes by ~0.9%abs in the same 
pitch range. This underlines the necessity of careful choice 
of contact pitch for ultrathin solar cells. 
 The optimum pitches found in this study are in the 
range of 750 (0.1 Ω cm FZ), 850 (0.25 + 0.5 Ω cm FZ) and 
600 µm (0.8 Ω cm Cz). 
 
 7 Conclusion We presented an extension of the  
analytical model of Fischer and Plagwitz to ultrathin solar 
cells. This model is applied to a wide range of experimen-
tal data and combined with an empirical formula for the  

estimation of the fill factor. In this way, the manufactured 
cells can be described with satisfactory accuracy.  
Assuming constant jsc, the calculations can be used  
to optimize the contact pitch and determine the main loss 
factors limiting Voc. These investigations show the high  
efficiency potential of the LFC-PERC cell structure on  
thin wafers, which approaches 23% on 0.25 Ω cm FZ  
material. 
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