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ABSTRACT: An integrated R&D effort was performed, aimed at the industrial use of highly n-doped waste silicon, 
and at processing of this silicon to n-doped ingots, solar cells, and modules. An evaporation process was successfully 
applied to reduce the phosphorous concentration in the waste Si. Additional experimental n-type ingots were 
produced by blending (highly doped with undoped) silicon. Industrial p+nn+ cell processes were developed with a 
front boron emitter and, alternatively, a rear aluminium emitter. A high and homogeneous carrier lifetime was 
observed in the n-type mc-Si which makes the material suitable even for a rear emitter process. Solar cell efficiencies 
of 14.7% (front emitter) and 14.4% (rear emitter) were obtained on mc-Si; while more than 16% efficiency was 
demonstrated on monocrystalline wafers. Cell interconnection by conductive adhesive was developed and performs 
well.
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1 INTRODUCTION

It is estimated that 2000-3000 ton/y of highly n-
doped waste silicon is available, in principle, for the PV 
industry. At present this is not used, because there is no 
cost-effective technology for dopant removal.

The aim of the NESSI project (supported by the EC 
5th Framework Programme) was twofold:
1) Develop purification and crystallisation techniques to 

make highly n-doped waste silicon available 
industrially for solar cell processing. The use of this 
silicon will reduce the shortage of silicon feedstock.

2) Develop industrial cell and module technology for n-
type mc-Si wafers. 

Techno-economic assessment was part of both aims.
Silicon solar cells based on n-type mc-Si wafers have 

certain advantages compared to p-type mc-Si. They are 
suited for very thin wafers because technology for open 
rear metallisation is relatively straightforward, and they 
are less sensitive to carrier lifetime degradation due to 
common defects [1]. 

The NESSI project has evaluated and tested the 
reduction of dopant concentration in the waste silicon, 
characterised and optimised high quality experimental n-
doped ingots, developed several cell processes based on 
industrial processing techniques, optimised module 
production and characterised modules, and optimised 
wafer handling equipment for thin wafers. 

In this paper, a summary of the results of the project 
is given. More detailed results are available in references 
given in this paper.

2 EXPERIMENTAL

2.1 Dopant removal from waste Si
The route for dopant removal is based on evaporation 

from the liquid silicon. Thermodynamic simulations were 
developed to model the removal and optimise dopant 
removal versus silicon loss. Experimental emphasis was 
put on phosphorous because this is more difficult to 
remove in this way than As or Sb. 

2.2 Cell processes
Two cell processes were developed; one with a rear 

Al-emitter, for which the process is very similar to the 
standard p-base cell process with Al-BSF; the other based 
on boron diffusion for the emitter, phosphorous diffusion 
for the BSF, and an open rear metallisation. The 
schematic cross sections of both cell types are illustrated 
in Fig. 1. Work on similar cell processes has also been 
performed by researchers elsewhere (ref. [2] and [3] 
respectively). 

Both cell processes were developed along two 
directions: one using laboratory processes where 
applicable, aimed at high efficiency and demonstrating 
potential of a process, and the other using industrial 
processing steps on (12.5cm)2 wafers.
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Figure 1: Top: Cross-section of the monofacial Al rear 
emitter (FSF) solar cell. Bottom: Cross-section of the 
bifacial B front emitter (BSF) solar cell.

rear-Al emitter ("FSF-process") 
The process was described in detail in ref [4]. After 

initial work on evaporated as well as screen printed Al 
layers for the emitter, it turned out that a screen printed 
Al layer which is co-fired with the front metallisation can 
result in cell results as good as or even better than the 
evaporated Al layer. The main deviations of the cell 
process from the current p-base industrial mc-Si process 
are in texture (the rear of the cell is preferably not 
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textured), in pad printing and in edge isolation.

front B emitter ("BSF-process") 
This process was described in detail in refs. 5 and 6. 

Boron diffusion in an IR belt furnace with boron spin-on 
liquids and screen print pastes [5], and by BBr3-diffusion 
in a quartz tube furnace [6] were used. 

3 RESULTS

3.1 Dopant removal from waste Si
Based on thermodynamic simulations and 

experiments, the best operating conditions and waste 
treatment were established. An experimental setup for 
25kg batch size was set up (Fig. 2). Significant reduction 
(>10x) of the dopant phosphorous with moderate silicon 
loss (<10%) was obtained. This result is close to the 
project target of a 100-fold reduction of dopant. 

Figure 2: Dopant removal test setup, and test in 
operation, at Deutsche Solar AG.

3.2 Ingot properties
Seven experimental ingots were made, from purified 

silicon and from blended (i.e., highly doped with 
undoped) silicon. The ingots were doped with As, Sb, or 
P. They span a range of resistivities from 0.05 Ωcm to 
>10 Ωcm, but the majority was around 1 Ωcm. One of the 
ingots was compensated (changing from p-type to n-type 
in the middle of the ingot).

The average carrier lifetimes and diffusion lengths in 
the 1 Ωcm ingots were typically higher than found in p-
type ingots [7]. Although this is a typical result for n-type 
materials [1], it does not mean that the material is perfect. 
Especially extended defects still are harmful, similar to p-
type material. In this project we performed lifetime 
mappings, photoluminescence, and EBIC studies to 
characterise defects [7,8]. An example of lifetime 
evolution during cell process is shown in Fig. 3. 
Activation of extended defects by high-temperature 
processing is shown in Fig. 4. Photoluminescence spectra 

indeed indicate the presence of oxide particles. 
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Figure 3: Wafer lifetime maps as-grown (top) and after 
process (middle). Bottom: evolution of the lifetime (of a 
different wafer) during the entire solar cell process. From 
ref [7].
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Figure 4: EBIC maps of wafer areas with low lifetime 
values.Left: as grown samples; right: after a POCl3
diffusion process. Bottom: typical PL spectra after POCl3
diffusion.

3.3 Cell results

rear-Al emitter ("FSF-process") 
The characteristics of the best cells with the FSF 
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process are given in Table I. The internal quantum 
efficiencies (Fig. 5) show that the minority carrier 
diffusion length in n-type wafers, for high resistivity, can 
be excellent.

Table I: Best efficiencies achieved with FSF cell 
concepts on industrial level. It is important to note that 
the mc-Si cell was untextured.

wafer t ρ A Jsc Voc FF η
μm Ωcm cm2 mA/cm2 mV % %

mc 180 50 150 31.7 604 76.6 14.4
FZ 160 2 138 34.0 618 77.9 16.4
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Figure 5: Internal quantum efficiencies of mc and FZ 
FSF cells. From ref [4]

The cells were modelled in detail to determine the 
optimum thickness and resistivity. A thickness below 200 
μm is expected to be suitable for efficiencies higher than 
16%, even for mc-Si wafers. Results of the modelling are 
shown in Fig. 6.

Figure 6: Modeling of dependence of FSF cell efficiency 
on wafer thickness and resistivity. From ref [4]

front B emitter ("BSF-process") 
Results of the Boron emitter cell process are given in 

Table II.
The belt furnace diffusion was found to be sensitive 

to contamination in doping sources. In general, belt 
furnace diffusion resulted in lower cell efficiency than 
quartz tube furnace diffusion. Sensitivity of wafers to 
contamination is probably increased for boron diffusion 
compared to phosphorous diffusion, because gettering 
during boron diffusion is less effective than during 
phosphorous diffusion, and a boron-doped emitter is 
more sensitive to impurities than a phosphorous-doped 

emitter.

Table II: Efficiencies achieved with BSF cell concepts 
on industrial level. Wafer thickness is 270 μm. 
(#: samples without rear passivating SiNx layer. Cells 1 
and 2 were processed with similar conditions. For 
different process conditions, cell efficiency up to 12.0% 
was reached with belt furnace diffusion, and 13.3% with 
tube furnace diffusion).

wafer diff ARC A Jsc Voc FF η
cm2 mA/cm2 mV % %

mc belt SiNx 100 28.5 551 71.1 11.2#

mc BBr3 SiNx 100 28.5 584 75.5 12.6#

mc BBr3 SiO2/ 144 32.6 599 75.2 14.7
SiNx

Cz BBr3 SiO2/ 146 36.7 615 73.1 16.5
SiNx

Surface passivation of a p-type emitter by SiNx was 
found to be insufficient, in agreement with earlier results 
[9]. A thermal oxide/CVD nitride stack was found to be 
very effective, giving excellent IQE for short 
wavelengths [6]. Also SiCx coating has resulted in good 
surface passivation, as judged from lifetime 
measurements, and cells are to be processed with SiCx
ARC [10]. 

Semimanufactures from the BSF process were 
screen-printed and fired in an industrial line at Isofotón 
with excellent results. An automatic handling tool with 
visual alignment was developed for handling of the thin 
wafers (down to 200 µm) in the printing station. 

3.3 Module results
This work was described in detail in ref 11. New 

back reflector sheets for better reflectivity of long-
wavelength radiation back into the solar cell were tested. 
A 4% increase of reflection was obtained, but despite this 
the direct improvement on wafers thicker than 150 μm 
was not significant. Nevertheless, a practical 
improvement due to the white space between cells was 
verified on encapsulated cells.

Interconnection of cells was tested with two 
approaches: soldering and conductive adhesives. 

Several modules were constructed with NESSI cells. 
A medium size module of 36 cells was fully characterised 
at an external laboratory, obtaining a very acceptable loss 
in efficiency from cell to module of 2.5%.

A module prototype was exposed to accelerated 
degradation conditions of damp-heat and thermal cycles. 
The module parameters kept within 5% of the original 
measurements. Also in an outdoor test of 3 months the 
module characteristics were stable within the tolerance of 
the equipment used (Fig. 7).

Nevertheless the strength and process times of the 
conductive adhesives still need to be further improved 
and work on this is continued.
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Figure 7: Prototype modules produced at Isofotón from 
boron front emitter cells, and results of a 3-month 
outdoor test.

4 SUMMARY

An evaporation process for dopant reduction was 
successfully applied. The best operating conditions and 
waste treatment were established. Significant reduction of 
dopants with moderate silicon loss was obtained. 

Ingots were produced of refined silicon as well as 
blended (i.e., highly doped with undoped) silicon, with a 
wide range of resistivities. In the best ingots, average as-
grown carrier lifetimes up to 180 μs were obtained, 
which could be homogenised by gettering and 
hydrogenation and increased to 250 µs, and maintained at 
over 200 µs for the complete cell process. 

On mc-Si, cell efficiencies of 14.7% (front boron 
emitter) and 14.4% (rear aluminium emitter) were 
obtained. On monocrystalline wafers 16.5% and 16.4% 
were obtained, respectively. A silicon nitride coating 
does not provide sufficient surface passivation on a boron 
emitter. Therefore, oxide/nitride stack and silicon carbide 
coatings were tested as alternatives, and the oxide/nitride 
stack was used in the best cells. For the rear emitter cells, 
the short wavelength internal quantum efficiency (i.e., the 
response of the bulk) of multicrystalline material is 
nearly identical to that of FZ material, indicating the 
excellent material quality which is possible. An 
automatic handling tool with visual alignment was 
developed for handling of the thin wafers in a printing 
station. 

Interconnection by conductive adhesives was 
developed and performs well. Module outdoor tests are 
ongoing, up to now (after 3 months) showing stable 

performance.
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