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Abstract 

In this work three-dimensional (3-D) numerical simulations, validated by the experimental measurements of a 
reference cell, have been performed to optimize the rear contact geometry of a PERC-type solar cell, featuring a high 
sheet resistance (140 Ω/sq) phosphorus-doped emitter and a front-side metallization with narrow and highly-
conductive electro-plated copper lines (40 μm wide) on lowly resistive Ti contacts. The simulation results show that 
an optimization of the rear point contact design potentially leads to an efficiency improvement of 0.68%abs compared 
to the reference cell. 
 
© 2012 Published by Elsevier Ltd. Selection and peer-review under responsibility of the scientific 
committee of the SiliconPV 2012 conference 
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1. Introduction 

Mono-crystalline Cz silicon full-metallized aluminum back surface field (full Al-BSF) solar cells with 
screen-printed front silver contacts and a standard 65-70 Ω/sq phosphorus-doped emitter exhibits a 
conversion efficiency around 18.5% [1]. Two of the most promising approaches to enhance the 
performance of Si solar cells are the optimization of the rear contact design and the development of 
technological solutions for contacting high sheet resistance emitters. It has already been widely 
demonstrated that the adoption of the PERC (Passivated Emitter and Rear locally Contacted) design with 
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local point Al contacts at the rear side can boost the efficiency well above 19% [2]. As reported in [3], 
further improvements can be obtained by two means. First, introducing a high sheet resistance 
phosphorus-doped emitter with a low surface concentration is beneficial in order to reduce surface and 
Auger recombination at the front-side, leading to higher Jsc and Voc. Second, by replacing the relatively 
wide screen-printed silver front-side fingers with narrower, denser and better conducting Ti/Cu electro-
plated lines, front contact shadowing and the resistive losses can be reduced. 

In this paper numerical device simulations have been performed by using a TCAD simulator [4] to 
optimize the rear point contact geometry of a PERC-type solar cell featuring a 140 Ω/sq phosphorus-
doped emitter and electro-plated Ti/Cu front contacts (40 μm wide). As discussed in [5], due to the 
complexity of the geometry and to the presence of several competing physical mechanisms, a careful 
analysis and optimization of the rear point contact design require a rigorous three-dimensional (3-D) 
modeling approach. The optimization of the rear contact geometry has been performed by changing the 
rear contact pitch and by considering a constant rear contact diameter of 35 μm. The size of the rear 
contacts is set consistently with the technological limitation of the laser rear patterning process used to 
form local contact holes [3][6].    

2. Experimental and simulation data 

The reference PERC cell (size 12.5x12.5 cm2, semi-square) features a 1.3 Ω cm, 150 μm thick p-type 
Si-Cz substrate and a random pyramid textured front surface with a 80 nm thick SiNx anti-reflective 
coating (ARC) layer. The front-side electro-plated Ti/Cu contacts are 40 μm wide with a thickness of 9 
μm and a pitch of 1.53 mm. The rear-side metallization consists of local Al contact holes with a diameter 
of 35 μm and a pitch of 550 μm, while the rear passivation layer features a SiO2/SiNx stack. A local Al-
BSF is formed in the openings by firing the rear Al layer. For further details on the process and the design 
of the reference PERC-type cell, refer to [6]. The performance of this reference cell has been measured 
and summarized in Table 1. The related illuminated I-V curve is shown in Fig. 1. 
Table 1. Performance of the experimental and simulated PERC cells 

Cell type Voc  
(mV) 

Jsc  
(mA/cm2) 

FF  
(%) 

  
(%) 

Measured 653.7 38.9 77.0 19.6 

Simulated 653.6 38.9 77.1 19.6 

 
 
 
 

 

 

 

 

Fig. 1. Experimental vs. simulated illuminated I-V curve for the reference PERC cell 
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Fig. 2. 3-D simulated structure of the reference PERC cell (back view) 

The 3-D simulated structure, built and configured on the basis of the characteristics of the reference 
cell, is shown in Fig. 2. For symmetry purposes, the rear contact pitch of the simulated cell is set to 510 
μm to make sure that the ratio between the front contact pitch (1.53 mm) and the rear hole pitch is an 
integer number. Under this assumption, the lateral size and depth of the 3-D simulation domain can be 
limited respectively to the half of the front finger pitch and the half of the rear contact pitch, while the 
height is equal to the substrate thickness [5]. This allows reducing the simulation run-time for the I-V 
characteristics to ~3 hours with a 3-D simulation domain for the reference cell featuring about 230000 
grid nodes on a 8-core Intel Xeon X53xx processor.  

An ad-hoc calibration of the physical parameters and models has been performed to obtain realistic 
predictions in the optimization procedure. The main critical parameters of the simulated reference PERC 
cell are summarized in Table 2. The adopted models include the Schenk band-gap narrowing model to 
account for the effective intrinsic density [7], the surface doping-dependent front surface recombination 
velocity (SRV) according to [8][9] and the doping-dependent mobility model proposed by Klaassen 
[10][11]. Fermi-Dirac statistics has been adopted to properly model the highly-doped regions (emitter and 
BSF) within the device. The SRV at the rear passivated surfaces is set to 330 cm/s, while the front/rear 
contact SRV at electrodes is assumed to be 2x106 cm/s, similarly to that used in [3][6]. It is worth noting 
that the assumed values for the SRV at rear passivated and metallized surfaces and the rear metallization 
fraction strongly impact on the effective rear surface recombination velocity and consequently on the 
performance of a locally contacted rear surface passivated solar cell, as well described in [12][13].  

The optical simulation has been performed at 1-sun illumination condition with a Ray Tracer tool in 
the TCAD simulator, accounting for the front texturing and ARC layer and for the different reflectivity at 
the rear passivated (0.9) and metallized surfaces (0.65) [14].   

The 140 Ω/sq phosphorus-doped emitter is modeled by a Gaussian function with a peak concentration 
of 2x1019 cm-3 and a junction depth of 0.6 μm. All the series parasitic resistance losses (including the 
front and the rear contact resistance and the front metal resistance) have been accounted by a post-
processing analysis. The shunt resistance and the busbars resistance have been neglected. It is worth 
noting that the non-ideal resistive-limited enhanced recombination effects (giving a local non-ideality 
factor n2>2) [6] are not taken into account. 

The simulated performance and I-V curve for the reference cell are reported in Table 1 and Fig. 1, 
respectively. A good agreement can be observed between experimental and simulated results. 
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Table 2. Parameters of the simulated reference PERC cell 

Parameter value units 

Front contact pitch 1530 μm 
Front finger length 12.3 cm 
Rear contact pitch 510 μm 
Rear contact fraction 0.37 % 
Rear passivation SRV 330 cm/s 
Front/rear contact SRV 2x106 cm/s 
Bulk lifetime 500 μs 
Front metal resistivity 1.8x10-6 Ω cm 

Front contact resistivity 5x10-4 Ω cm2 

Rear contact resistivity 1x10-3 Ω cm2 

3. Rear contact design optimization 

The optimization of the PERC cell has been performed in terms of rear contact pitch, keeping the 
diameter of the rear hole contacts constant (35 μm). The simulation results for the short-circuit current 
density (Jsc), the open-circuit voltage (Voc), the fill factor (FF) and the efficiency (η) as a function of the 
rear contact fraction (CFrear), defined as the ratio of the rear contacted area to the total cell area, are 
plotted in Fig. 3.  
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Fig. 3. Simulation results for the optimization of rear point contact geometry in terms of rear contact pitch 
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Table 3. Simulation results for the reference, the optimal and the rear full-metallized cells 

Cell type CFrear 
(%) 

Voc  
(mV) 

Jsc  
(mA/cm2) 

FF  
(%) 

  
(%) 

Reference  0.37 653.63 38.90 77.07 19.60 

Optimal 2.63 651.64 38.84 80.11 20.28 

Rear full-metallized 100 629.06 37.03 80.34 18.71 

 
As expected, by decreasing the CFrear, both Jsc and Voc increase due to the reduction of the effective 

rear surface recombination velocity and to the increase of the effective internal bottom reflectivity. On the 
contrary, an opposite trend can be observed for the FF: by decreasing the CFrear, the base spreading 
resistance and the rear contact resistance increase, leading to a strong degradation of the FF at CFrear< 1%. 
The efficiency trade-off due to these opposite trends leads to an optimal value of CFrear within the range 
2-3%. It is worth noting that the obtained optimum value of CFrear is influenced by several factors: among 
them, the assumed SRV values at rear metallized and passivated surfaces, the substrate resistivity and the 
size of the rear point contacts. Concerning the hole contact diameter, it has already been shown in [15] 
that the optimization of PERC-type solar cells depends on the size of the rear point contacts. In particular, 
for a given rear contact fraction, a smaller hole diameter means a smaller distance between adjacent rear 
contacts, leading to higher efficiency because of a reduced base spreading resistance. Moreover, a smaller 
hole contact diameter leads to a lower optimum value of CFrear, as reported in [15]. 

In Table 3 the simulation results obtained for the reference cell (CFrear= 0.37%), for the optimal cell 
(CFrear= 2.63%, equivalent to a rear contact pitch of 191.25 μm) and for the rear full-metallized cell 
(CFrear= 100%) are compared. The simulation results show that the optimization of the rear point contact 
design for the analyzed PERC cell can potentially lead to an efficiency improvement of 0.68%abs 
compared to the reference cell and of 1.57%abs with respect to the case of full-metallized rear side, 
resulting in a conversion efficiency above 20%. 

 

4. Conclusions 

In this work a rigorous 3-D modeling approach has been adopted for representing an advanced PERC-
type solar cell, featuring a high sheet resistance (140 Ω/sq) phosphorus-doped emitter and front-side 40 
μm wide electro-plated Ti/Cu contacts. 3-D numerical device simulations, validated by the experimental 
measurements of a reference cell, have been performed to optimize the rear contact geometry of the 
analyzed PERC cell. The simulation results show that such optimization can potentially leads to an 
efficiency improvement of 0.68%abs compared to the reference cell, achieving a conversion efficiency 
above 20%.  
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