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Abstract
We study the dependence of solar cell parameters on base resistivity for double-side contacted n-type rear junction
solar cells with boron emitter and local rear contacts. Experimental data for solar cells processed on n-type Cz Si
wafers with base resistivities ranging from 2 Ω·cm to 16 Ω·cm are compared to device simulations for the respective
resistivity range. Our experimental data show the typical strong increase of efficiency with base resistivity in the
range of 2 - 5 Ω·cm and at about 10 Ω·cm a saturation of efficiency with base resistivity sets in [1, 2, 3, 4].
Comparison of experimental and simulation results reveal that our experimental findings are closely reproduced
assuming a constant bulk lifetime after solar cell processing. Furthermore the results of this study were implemented
in an optimized solar cell process. With 14 Ω·cm n-type Cz as base material solar cell efficiencies of up to 20.9% on
243.4 cm² (total area) were achieved which was confirmed by Fraunhofer ISE CalLab.
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1. Introduction
In order to improve efficiencies of double-side contacted solar cells on Czochralski (Cz) silicon base
material, recently the interest in respective solar cell concepts which use n-type Cz silicon has increased
[5]. N-type Cz silicon exhibits high minority carrier lifetimes and is more tolerant towards various metal
impurities than p-type Cz [6, 5]. Due to the high bulk lifetime of the n-type Cz material, the p-n junction
can be placed either on the front or rear side of the solar cell. Our approach is a rear junction solar cell
structure using a diffused boron emitter [6, 7]. Double-side contacted solar cells with a rear junction and
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an aluminum p+-emitter have been reported earlier [1, 2, 4, 6, 9, 10]. Both rear junction variants exhibit a
phosphorus diffusion on the front side. Therefore all innovations developed for front side metallization of
p-type solar cells can be applied to a rear junction cell structure on n-type silicon, as well.
Commonly, base material with high resistivity is used as this leads to maximum solar cell efficiencies.
In this article we investigate the influence of resistivity for double-side contacted rear junction solar cells
with boron emitter on experimental basis to quantify the efficiency losses caused by non-optimum base
resistivity. We also compare our data to 1D solar cell device simulations in order to test two different
assumptions concerning the bulk lifetime versus resistivity dependence after solar cell processing for our
experimental solar cells.

2. Experimental
The double-side contacted n-type Si rear junction silicon solar cells investigated within this article
are prepared by typical high efficiency processing methods using thermal silicon dioxide as diffusion
barrier for single side phosphorus and boron tube furnace diffusions. The front and the rear side of our
solar cells are passivated by dielectric layers. The front side metallisation is realised by screen printing
and light induced Ag-plating. For the rear side metallisation point contact openings and aluminium
deposited by physical vapour deposition are used. The distance of front grid fingers is held constant for
all resistivities. As base material we processed wafers from two different n-type Czochralski silicon
ingots with base resistivity ranges from 2 to 6 Ω·cm and 6 to 16 Ω·cm. The wafer size is 15.6·15.6 cm2
(full square) and the wafer thickness is 200 μm. A cross section of our rear junction solar cell is shown in
Fig 1a.
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Fig. 1. a: Cross section of the double-side contacted rear junction solar cell investigated within this article; 1b: diagram of the two
bulk lifetime on base resistivity assumptions after solar cell processing taken for the 1D device simulations: case 1: constant lifetime
of 3 ms; case 2: bulk lifetime increases with increasing resistivity

In order to compare our experimental findings to device simulations we used the numerical device
simulation tool PC1D [11]. Simulations were performed for the range of base resistivities of our
experimental data. For the diffused front and rear, parameterizations of experimental diffusion profiles are
used. The front reflection is considered using experimental data, too. Surface recombination velocities,
diode non-idealities and resistance effects are adjusted to give similar results as experimental solar cells.
The simulations tested for two hypothetical minority carrier bulk lifetime (final device) vs. resistivity
dependencies: As first case, the bulk lifetime is considered to be limited by the solar cell process and thus
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independent of base resistivity. Here we assume a constant lifetime of 3 ms after processing. As second
case, we take the bulk lifetime to increase with base resistivity. As reference data for our lifetime on
resistivity dependence, minority carrier lifetime results prior to high temperature processing are used from
in-house measurements. Figure 1b shows the two lifetime cases considered in the simulations. After the
simulations and their interpretation the most appropriate resistivity determined by our study was chosen
for an optimized solar cell process and a new set of solar cells was produced.
3. Results and Discussion
The variation of solar cell parameters with base resistivity of our experimental solar cells is shown in
Figure 2a-d as open and closed circles. Simulation results for the two assumed lifetime-resistivity
dependencies are shown in the same graphs as lines.
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Fig. 2. Experimental data and simulations: dependence of solar cell parameters (a: efficiency K , b: short circuit current density Jsc,
c: open circuit voltage Voc, and d: fill factor FF) for double-side contacted rear junction solar cells on base resistivity. For the
simulations two different cases for the bulk lifetime dependence on resistivity are considered: case 1: constant lifetime of 3 ms;
case 2: increasing lifetime with increasing resistivity

For the experimental results a strong dependence of solar cell efficiency on base resistivity from
2 Ω·cm to 5 Ω·cm is observed (Fig 2a). From about 5 Ω·cm the dependence of efficiency on base
resistivity is significantly reduced and at about 10 Ω·cm a saturation sets in. This efficiency dependence
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on base resistivity is mainly caused by the short circuit current density (Jsc): the data in Fig 2b reveal a
strong increase in Jsc with increasing base resistivity in the range of 2 Ω·cm to 5 Ω·cm. The Jsc is also
responsible for the reduced efficiency dependence on resistivity above 5 Ω·cm (Fig 2b). The experimental
open circuit voltage data (Voc) show no significant change with base resistivity (Fig 2c). The fill factor
data (FF) show a relatively small decrease with increasing resistivity of about 1% abs (Fig 2d).
The comparison of our experimental and simulation data are also shown in Figure 2a-d. To adjust the
simulation results to our experimental findings we used an Sfront value of 6000 cm/s and an Srear value of
1800 cm/s. The experimental solar cell parameters for different base resistivities resemble closely the
simulated dependence on base resistivity determined for a constant bulk lifetime after processing. This is
clearly seen from the simulated dependence of the Voc and the FF on base resistivity: the simulated case 1
(constant bulk lifetime) exhibits a constant Voc and a decreasing FF with increasing resistivity, which is in
accordance with our experimental findings. However the simulated case 2 (increasing bulk lifetime with
increasing resistivity) results in increasing Voc and from 4 Ω·cm on a constant FF with increasing
resistivity is observed which is not seen experimentally. The dependence of Jsc on resistivity gives the
same trend of increasing Jsc with increasing resistivity for both cases but the dependence is somewhat
more pronounced for case 2. It should be emphasized that our findings might be specific for our solar cell
process and the Cz material used. Other silicon materials for instance n-type float zone material might not
show this constant, “process limited” lifetime behaviour.
We also verified our 1D simulation data with Synopsis Sentaurus 3D simulations and obtained the
same dependencies for Jsc and Voc as from PC1D [12]. Concerning the fill factor the different behaviour
of the case 1 (constant lifetime) and case 2 (varying lifetime) is even more pronounced in 3D simulations
than in 1D: for the constant lifetime (case 1) the fill factor decreases with increasing resistivity in
accordance with 1D simulations, for the varying lifetime (case 2) the FF even increases with resistivity
(data not shown).
a

b

Fig. 3. PC1D simulation of carrier densities within the bulk for 2 and 10 Ω·cm base material at Voc conditions (case 1: constant bulk
lifetime of 3 ms). a: Comparison of electron densities n and doping concentrations Ndop, b: hole densities p

Comparing our experimental results to earlier investigations in literature we find that the saturation of
efficiency for resistivities of 10 Ω·cm or higher is in accordance with simulations for Al p+-emitter rear
junction solar cells [1, 2, 4]. In order to explain the strong dependence of Jsc on resistivity on the one hand
and the constant Voc on the other hand, we first take a closer look on the n+-n high-low junction at the
front side of our solar cell. The higher the difference in doping densities of n+-diffusion and n-base region
the more effective is the shielding effect of the n+-diffusion on the minority carriers at the front side that
means consequently a reduction of the front side recombination. Therefore the Jsc increases with
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increasing bulk resistivity. This influence of base resistivity on the passivation quality of n+-n high low
junctions was shown by device simulations for lowly doped front surface field [3, 4] but was also
experimentally observed for 45 Ω/sq and 65 Ω/sq phosphorus diffusions [1, 4]. The open circuit voltage
however does not change with resistivity. This can be understood considering that at Voc conditions the
bulk is in high-level injection (HLI). Even 2 Ω·cm base material is in transition to HLI at Voc conditions.
This situation is illustrated in Fig. 3a and b: for 2 Ω·cm base material, the electron density n (dark blue
line in Fig. 3a) is already by a factor of 2 higher than the doping concentration (red line in Fig. 3a)
indicating the transition to HLI. For 10 Ω·cm base material the electron density (light blue line in Fig 3a)
is even one order of magnitude larger than the doping concentration (yellow line in Fig. 3a). The hole
densities p at Voc conditions for the 2 Ω·cm and 10 Ω·cm base material are given in Fig. 3b. Assuming a
constant bulk lifetime for all resistivities and considering the discussed HLI conditions lead to open
circuit voltages which are independent of the resistivity. However if the bulk lifetime is assumed to
increase with resistivity, an open circuit voltages dependence on resistivity is reintroduced again. The
aforementioned considerations about HLI conditions are still valid but the Voc-dependence is now
dominated by the effect of variation in bulk lifetime.
In order to evaluate the potential of this solar cell structure we processed a new set of solar cells on
high ohmic n-type Cz material (14 Ω·cm) including additional improvements on the front passivation
and front metallisation which were determined from other investigations not shown here. Our best solar
cell achieved an efficiency of 20.9% on 6 inch full square wafer format which results in an output power
of 5.09 W. This result was independently confirmed by ISE CalLab. Figure 4 shows the I-V characteristic
of this solar cell and the respective cell parameters.

Fig. 4. I-V characteristic and solar cell parameters of our best solar cell with efficiency of 20.9% and 5.09 W output power
processed with optimized base resistivity of 14 Ω·cm (Confirmation by Fraunhofer ISE CalLabConclusions

4. Conclusion
In this article we present experimental solar cell data for the variation of base resistivity of double-side
contacted rear junction solar cells. Our data reveal the resistivity distribution is mainly influenced by the
behavior of short circuit current density. In the range of 2 to 5 Ω·cm a strong increase in short circuit
current density and therewith also in efficiency is detected due to improvement of passivation quality of
the front side high-low n+-n junction with increasing bulk resistivity [3]. From 5 Ω·cm base resistivity on
only small variation in short circuit current density and efficiency is present. Ingots with resistivity
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distributions from 5 to 16 Ω·cm can therefore be processed to double-side contacted rear junction solar
cells with only minor variation in efficiency.
Comparison of the experimental ingot distributions to respective simulation data shows the bulk
lifetime after solar cell processing is appropriately approximated assuming a constant bulk lifetime for all
resistivities. With a base resistivity of 14 Ω·cm we processed a new set of solar cells with improved front
passivation und metallization. The best cell had an efficiency of 20.9% which was confirmed by
Fraunhofer ISE CalLab.
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