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Abstract 

Efficiencies of large area n-type silicon solar cells with a screen printed rear side aluminum-alloyed emitter are 
mainly limited by their front surface recombination velocity. The front surface therefore has to be passivated by an 
effective passivation layer combined with a front surface field (FSF). 
In this work we investigate the influence of the front surface passivation quality and the base resistivity for a selective 
FSF n-type solar cell. The potential of this solar cell concept is assessed by PC1D simulations and QSSPC 
measurements. Furthermore we present solar cell results of all screen printed large area n-type Cz-Si solar cells with 
an aluminum rear emitter and a selective etch-back FSF passivated by a PECVD-SiNx or a SiO2/SiNx stack. The 
applied processing sequence is based on industrially available processing equipment and results in an independently 
confirmed cell efficiency of 19.4 % on a 6” solar cell. 

 
n-type; Al emitter; selective 

1. Introduction 

The standard processing sequence for industrial screen printed p-type Cz silicon solar cells is well 
optimized, but it suffers from a rather low bulk lifetime which is caused by the boron and oxygen related 
light induced degradation [1]. This limitation can be overcome by using n-type silicon, which does not 
contain any boron and is more tolerant for metal impurities [2]. Applying the standard processing 
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sequence to n-type silicon leads to a rear emitter solar cell with a phosphorous front surface field [3]. 
Since the electron-hole pairs are mainly generated close to the front surface of the solar cell, a high bulk 
lifetime and an effective front surface passivation are crucial for achieving high efficiencies with this 
solar cell type. Since its first publication in 2001 [3], large improvements have been achieved by several 
groups [4–10]. Possible approaches to achieve the required surface passivation quality are a SiO2/SiNx 
stack, a high ohmic FSF combined with advanced front contact technology [7] or a selective FSF [8–10]. 

In this work, we combine the well known SiO2/SiNx stack with a selectively etched back FSF. Due to 
the very low surface phosphorous concentration of the etch-back FSF, an extremely low front surface 
recombination velocity (SRV) can be achieved by this passivation system. The potential of this solar cell 
concept is assessed by PC1D simulations [11] and quasi-steady state photoconductance (QSSPC) 
measurements, furthermore we present solar cell results for a plasma-enhanced chemical vapor deposition 
(PECVD)-SiNx and a SiO2/SiNx stack as passivation layers for an etch-back FSF. 

2. PC1D simulations 

The major difference arising from applying the standard solar cell process to n- instead of p-type 
silicon is the location of the p/n-junction at the rear side of the cell. This leads to a different influence of 
the passivation quality and base resistivity on the solar cell IV characteristics (compare e.g. [12]). These 
effects are illustrated by PC1D simulations using the following parameters if not specified differently: 

Thickness: 175 μm   
Net τlli: 20 ms   
Front SRV: 5·104 cm/s 
Rear SRV: 1·107 cm/s 
Doping profiles: from ECV measurement. FSF: 30 Ω/sq etched back to 100 Ω/sq 
Front reflectance: from reflectance measurement including metallization 

2.1. Front SRV 

The Front SRV affects the collection probability of minority charge carriers by the rear emitter over 
the whole solar cell depth, since even for long wavelengths a considerably large part of the electron-hole 
pairs is generated close to the front surface. The effect on the internal quantum efficiency (IQE) and the 
IV data is shown in Fig. 1. 
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Fig. 1. (a) Influence of the Front SRV on the IQE (b) jsc and Voc vs. Front SRV 
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2.2. Base doping 

The influence of the base resistivity on jsc and Voc depends on the front surface passivation quality (see 
Fig. 2a). A low base resistivity reduces the difference in doping concentration between the base and the 
front surface leading to a lower injection level in the base and therefore a reduced Voc for a low ohmic 
substrate (see Fig. 2b). At jsc the base injection level is similar for the high and low ohmic substrate, but 
the less effective FSF results in a higher hole density at the surface for the low ohmic substrate (compare 
[13]). If the surface is not well passivated, this leads to higher surface recombination losses for a low base 
resistivity. It also means that the influence of the resistivity can be reduced by a high passivation quality. 
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Fig. 2. (a) jsc and Voc vs. base resistivity for a high (SRV = 5·103 cm/s, NS = 4.5·1019 cm-3) and low (SRV = 5·104 cm/s, 
NS = 2·1020 cm-3) surface passivation quality (b) Hole density at jsc and Voc for 2 and 16 Ωcm n-type silicon with a 100 Ω/sq FSF 

2.3. Effective sheet resistance 

On a rear junction n-type solar cell, the lateral conductivity between the front grid lines is provided not 
only by the FSF but also by the base, since it has the same polarity. As a first approximation the FSF and 
the base can be regarded as parallel connected resistances (see e.g. [9]). When calculating the contribution 
from the base, the injection level has to be accounted for, since at the maximum power point (MPP) and 
at Voc the base is not under low level injection conditions. This leads to an injection level dependent 
effective sheet resistance (see Fig. 3). 
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Fig. 3. (a) Resistivity under 1 sun illumination for different base doping concentrations at VMPP and Voc. (b) Effective sheet 
resistance under illumination (integrated from the front surface to the p/n-junction) for different base doping concentrations 
combined with a 100 Ω/sq etch-back FSF at VMPP and Voc 
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3. Experimental results 

We investigate the potential of two different passivation layers as a front side passivation for rear 
junction n-type solar cells with a selectively etched back FSF: 
 Standard PECVD-SiNx (n = 2.0) 
 10 nm dry thermal oxide  + standard PECVD-SiNx (n = 2.0) 

3.1. Passivation Quality 

The passivation quality of the two layers is characterized by QSSPC measurements under high level 
injection conditions on symmetrical 200 Ωcm p-type FZ wafers with a POCl3 emitter etched back from 
30 Ω/sq to various sheet resistances. On all samples, the sheet resistance was measured by four point 
probing between the etch-back and the deposition of the passivation layer. 

Fig. 4a shows the results for chemically polished and random pyramid textured wafers. With the 
SiO2/SiNx stack layer extremely low saturation currents of < 20 fA/cm² were achieved on both surfaces. 
The thermal oxidation also has a drive-in effect on the doping profile (see Fig. 4b) which leads to a 
reduced surface phosphorous concentration especially for an etch-back to < 100 Ω/sq where the kink of 
the profile is still present. This also explains the steeper decay of j0E with Rsheet for the oxidized samples 
with Rsheet < 100 Ω/sq. 
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Fig. 4. (a) Saturation current density vs. sheet resistance of random pyramid textured and chemically polished samples with an FSF 
etched back from 30 Ω/sq to various sheet resistances and passivated by a PECVD-SiNx layer or a thermal SiO2/SiNx stack. The j0E 
values are evaluated at a minority carrier density of 1·1016 cm-3 assuming an intrinsic carrier density ni of 8.6·109 cm-3  
(b) ECV doping profile of an etch-back FSF before and after the thermal oxidation 

3.2. Solar cell results 

According to the processing sequence described in [8], all screen printed solar cells with a selective 
etch-back FSF and an unpassivated full area Al alloyed emitter were processed from 6” Cz n-type wafers 
with a base resistivity of 6 Ωcm (material A, thickness after texture: 220 μm) and 11 Ωcm (material B, 
thickness after texture: 180 μm). The FSF was passivated by a PECVD-SiNx layer and a SiO2/SiNx stack. 
For the latter, the HCl/HF clean before the deposition of the passivation layer was replaced by a RCA 
clean. The base resistivity was measured by an electrochemical capacitance voltage (ECV) profiler (WEP 
CVP21) after all high temperature process steps. 

On all cells the edges which are not covered by Al paste at the rear (approx. 1 mm) were cut off by an 
automatic dicing saw. Since on these edges no emitter is formed, they do not contribute to Isc and 
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therefore reduce jsc. Removing them leads to an average increase in cell efficiency of 0.3 %abs. The 
average IV results obtained after removing the edges are presented in table 1. 

Table 1. Average IV data (4–6 cells/group) from 6 Ωcm and 11 Ωcm 6” n-type Cz silicon (100 % Al emitter coverage). The lower 
jsc values of the 6 Ωcm cells are due to an increased finger width (120–160 μm) caused by a worn out screen 

Base Material FSF Passivation Voc [mV] jsc [mA/cm2] FF [%]  [%] 

A (6 Ωcm) SiNx 642 36.5 79.7 18.7 

 SiO2 + SiNx 649 37.1 79.9 19.2 

B (11 Ωcm) SiNx 641 37.1 79.5 18.9 

 SiO2 + SiNx 649 37.5 79.8 19.4 

Best cell (confirmed by ISE CalLab) 647 37.6 79.8 19.4 

 
On both substrates very high Voc values up to 650 mV were measured. The lower jsc values achieved 

on the cells from material A are caused by an increased finger width (120–160 μm) due to a worn out 
screen. The associated reflection loss was calculated from the reflexion data to 0.5 mA/cm² compared to 
material B on which a new screen was used. 

The high fill factors are mainly caused by a very low j02 of 1.2–1.6·10-8 A/cm². Compared to a typical 
value of 2·10-8 A/cm² for a p-type solar cell, this leads to a gain in fill factor of approx. 0.5 %. 

With additional SiO2 layer, an average increase of 0.58 %abs for material A and 0.54 %abs for material 
B was achieved. The influence of the improved surface passivation on the IQE is shown in Fig. 5. 
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Fig. 5. IQE of a rear junction n-type solar cell with a FSF passivation of PECVD-SiNx or a SiO2/SiNx stack. The PC1D simulation 
was performed  using the doping profiles before and after the thermal oxidation (see Fig. 4b) 

4. Conclusion 

For rear emitter n-type solar cells, a good front surface passivation quality is the key to achieve high 
efficiencies. Besides increasing jsc and Voc, an enhanced surface passivation reduces the influence of the 
base resistivity. A wider range of resistivity can therefore be used for this cell type. 

We have shown that under illumination the effective sheet resistance from the FSF and the base is 
significantly reduced by the photoconductivity, since the base is not under low injection conditions. On 
low ohmic base material the FSF is therefore not necessary to maintain a good lateral conductivity. For 



492  F. Book et al. / Energy Procedia 8 (2011) 487–492

these substrates, an etch-back to very low surface phosphorous concentrations could therefore be 
preferable to achieve an even better surface passivation. 

The excellent passivation quality of the etch-back FSF combined with PECVD-SiNx or a SiO2/SiNx 
stack was demonstrated by QSSPC measurements. Furthermore we have presented solar cell results for 
all screen printed 6” n-type solar cells with an unpassivated full area Al-alloyed emitter. A highest 
independently confirmed cell efficiency of 19.4 % was achieved. Compared to a standard PECVD-SiNx 
passivation, the SiO2/SiNx stack has led to an increase in cell efficiency of approx. 0.5 %abs. 
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