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ABSTRACT: Back-contact back-junction (BC-BJ) solar cells have been developed to meet the following objectives: 
process simplification by POCl3 based co-diffusion steps and efficiency improvement independent of the co-diffusion 
setup. In general, the process sequence is industrially feasible, requires not more than one temperature step 
(co-diffusion), and implements only industrially available patterning technologies. The process simplification is 
obtained by introducing a sophisticated co-diffusion process which combines solid diffusion sources with POCl3. 
Compared with BC-BJ cells featuring solid diffusion sources at the front side, the number of process steps could be 
decreased. Solar cells based on this process simplification feature conversion efficiencies up to 20.5 %. The 
efficiency improvement is obtained by integrating an improved B-source, by adjusting the material properties and by 
changing the pattern of the contact openings. BC-BJ cells based on the latter cell improvements feature conversion 
efficiencies up to 21.6 %. The efficiency improvement is transferable to cells based on the regarded process 
simplification featuring POCl3 as gaseous diffusion source. 
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1 INTRODUCTION 
 
By aiming at industrial solar cell fabrication, the ratio of 
costs to watt peak has to be lowered [1]. This can be 
achieved by decreasing the overall solar cell 
manufacturing costs including material, process and 
module assembly, and/or increasing solar cell efficiency 
[2]. One very promising approach for decreasing optical 
losses on the front side of the solar cell and, thus, 
increasing the solar cell efficiency is to electrically 
contact solar cells only at the rear side. Based on this 
approach, so called back-contact back-junction (BC-BJ) 
solar cells already showed efficiencies higher 
than 24% [3]. To benefit from the high efficiency 
potential, the process chain of the sophisticated solar cell 
must be kept as short as possible. 
Within this work, a potentially low-cost BC-BJ base line 
process is demonstrated, by applying an advanced co 
diffusion process. This advanced process enables the 
simultaneous diffusion of all the required highly doped 
surfaces in only one single thermal treatment. Besides 
that, all cells are prepared under semi-industrial 
conditions in the PV-TEC (Photovoltaic Technology 
Evaluation Center, [4]) on Czochralski (Cz) grown 
silicon wafers featuring an n-type base doping. 
 
 
2 BASE LINE PROCESS 
 
Within this section, the simplified BC-BJ base line 
processes with and without phosphoryl chloride (POCl3) 
during diffusion are introduced. Therefore, the process 
lines of cells without (A, high process effort) and with 
POCl3 (B, low process effort) are compared (Figure 1). 
The process lines start with the formation of a single 
sided texture in an alkaline solution applying a single 
sided mask. Afterwards, a phosphorus-doped silicate 
glass (PSG) is deposited on the rear surface by means of 
plasma enhance chemical vapour deposition (PECVD). In 
case of process route A, also the front surface features a 
PSG-layer for front surface field (FSF) formation. The 
P-concentration incorporated within the PSG layers can 
be varied by e.g. adjusting the gas flows during 
PECVD [5]. 

Then, an inkjet-printed etch mask combined with wet 
chemical processes [6] enables patterning of the 
PSG-layer. 
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Figure 1: Base line process used for BC-BJ processing 
of cells with FSF formed by PECVD PSG source (left) 
and by POCl3 diffusion (right).  
 
Subsequently, the deposition of boron-doped silicate 
glass (BSG) is carried out by means of PECVD [7, 8]. 
The configuration of the diffusion sources allows for a 
simultaneous diffusion of all the required doped surfaces 
in one single thermal treatment. The so called 
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co-diffusion process, thus, enables a high potential in 
saving process costs. After co-diffusion, the doped layers 
are removed by wet chemical etching. The base line 
process finishes with the deposition of the front 
passivation stack consisting of SiOxNy/SiNx [9] and rear 
side passivation stack consisting of Al2O3/SiNx [10]. 
Inkjet masking and etching forms local openings at the 
rear side followed by evaporation of an aluminium silicon 
alloy (Al-Si). Again, inkjet masking is applied for 
structuring the interdigitated grid. 

Figure 2 depicts a top view on the rear side of the 
processed large-sized (156 mm edge length) wafers 
integrating 25 small-sized BC-BJ solar cells. Since large-
sized BC-BJ solar cells without diffused busbars are aimed 
at, the small-sized cells are characterized with a busbar 
shading aperture featuring an area of 4 cm2. 

wafer size = 239 cm2

room for 25 BC-BJ cells

aperture size = 4 cm2
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Figure 2: Top view on the processed rear side of a wafer 
integrating 25 small-sized BC-BJ solar cells. 
 
 
3 PROCESS SIMPLIFICATION 
 
3.1 Motivation and approach 

Within this work, the process simplification is 
performed by using POCl3 as gaseous diffusion source 
during the co-diffusion process. As highlighted in 
Figure 1, the introduction of a gaseous diffusion source 
allows for the omission of a complete PECVD process 
step and, hence, for a reduced number of process steps. 
However, co-diffusion processes with POCl3 as gaseous 
diffusion source in combination with solid diffusion 
sources exhibit a high complexity. For example, 
unnecessarily high gas flows during diffusion might have 
a drastic impact on solid diffusion sources. The first 
objective is to realize P-doped surfaces with doping-
levels suitable for FSF applications [11]. The second 
objective is to provide an atmosphere which does not 
oxidize the interface between pre-deposited solid 
diffusion sources located on the rear side of the solar cell 
and silicon. 

A diffusion process with two temperature plateaus is 
introduced. During the first temperature plateau POCl3, 
oxygen (O2) and nitrogen (N2) are used to grow a PSG-
layer acting as a phosphorus diffusion source. After the 
first plateau, the POCl3 supply is stopped, whereas the 
oxygen gasflow is increased. The increased availability 
of oxygen and the high temperature of a second 
temperature plateau allow for interface oxidation between 
the previously grown PSG-layer and the silicon surface. 
Thus, P-diffusion from PSG into silicon is decelerated. 
During the second temperature profile, the phosphorus 
concentration near the silicon surface decreases whereas 
the depth of the doped areas increases. 

3.2 Process evaluation  
Symmetrical samples are prepared on Cz-wafers with 

an edge to edge length of 156 mm. Samples for 
FSF-evaluations feature alkaline textured surfaces and 
are wet chemically cleaned and diffused in several POCl3 
processes. Samples for evaluation of interface oxidation 
are damage etched, cleaned, PECVD-coated with BSG on 
both sides of the wafer, and diffused in selected POCl3 
processes. The investigated POCl3 processes include a 
variation of the oxygen gas flow during the first and the 
second temperature plateau as well as a variation of the 
dwell time during the first temperature plateau. 
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Figure 3: Sheet resistance (Rsh,n+) versus dwell time 
(tdwell) for three different oxygen gas flows (QO2) during 
heating from the first to the second temperature plateau. 
The schematic cross section in the upper right corner 
depicts the sample setup. The PSG-layer forms during the 
diffusion process. 
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Figure 4: Electron concentration (n) versus wafer depth 
(zfront) measured by ECV on the left and inverse effective 
life time versus excess carrier density (n) measured by 
QSSPC on the right hand side. 
 

Figure 3 depicts the dependence of the P doping-level 
expressed by the inductively measured sheet resistance 
Rsh,n+ in dependence of the dwell time tdwell during the 
first temperature plateau. For tdwell = 15 min also three 
different oxygen gas flows (QO2) during the heating 
phase from the first to the second temperature plateau are 
investigated. Here, a strong correlation is detectable. No 
oxygen gas flow leads to P-doped surfaces with a sheet 
resistance of around 25 /sq. Such high doping-levels 
would lead to extremely high surface recombination [12] 
and a very low auger life time [13] and are, thus, not 
suitable for FSF-applications. High oxygen gas flows 
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enable doped surfaces with sheet resistances up to 
450 /sq. As described above, this increase in sheet 
resistance is caused by an oxidation of the interface 
between the grown PSG and the doped silicon surface. 
Regarding the sheet resistance versus dwell time for a 
low oxygen gas flow, a linear decrease in sheet resistance 
with increasing dwell time is detectable. Sheet resistances 
from 190 to 340 /sq are adjustable with a sensitivity of 
approximately 10 /(sq·min). These doping-levels are 
perfectly suitable for FSF-application. 

Fig 4 shows the electron concentration profile of a 
selected sample (low QO2, Rsh,n+ = 235 /sq) measured by 
electrochemical capacitance voltage (ECV). The dark 
saturation current density (J0) of a sample featuring 
similar doped surfaces and the front side passivation of 
the cell device is depicted on the right hand side. J0 is 
measured according to the slope method proposed 
in [14]. The J0 of 43 fA/cm2 indicates a high passivation 
quality of the P-doped surfaces perfectly suitable for 
FSF-applications. 
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Figure 5: Sheet resistance (Rsh,p+) of doped surfaces 
diffused from pre-deposited BSG-versus oxygen gas flow 
(QO2) during heating from the first to the second 
temperature plateau. The schematic cross section in the 
upper left corner depicts the sample setup. The 
microscope images indicate the top view on BSG-layers 
after diffusion for low and high QO2. 
 

Figure 5 depicts the dependence of the sheet 
resistance (Rsh,p+) diffused from pre-deposited BSG on 
the oxygen gas flow (QO2) during heating from the first to 
the second plateau. Single solid points correspond to 
measurement points distributed over the wafer surface. 
Hollow points with error bar indicate the calculated mean 
with standard deviation. Both representations describe the 
homogeneity of the diffused emitter along the wafer. By 
comparing the sheet resistance of emitters diffused with 
no (54.8 ± 0.9 /sq) and low (52.7 ± 1.3 /sq) oxygen 
gas flows, no significant difference is observable. In both 
cases, the relative standard deviation is below two 
percent, indicating the homogeneously diffused emitters. 
In case of a high oxygen gas flow, both, the sheet 
resistance and the relative standard deviation increase 
drastically. Additionally, a flaking of BSG is recognized. 
The latter observations are interpreted as a proof for the 
growth of silicon oxide between pre-deposited diffusion 
sources and the silicon surface in the case of diffusion 

processes featuring a high oxygen gas flow. To enable 
conditions which allow for FSF- and emitter formation, 
POCl3 based co-diffusion processes must be performed 
with low oxygen gas flows. 

 
3.3 Cell preparation and results 

The solar cells were processed according to the base 
line process depicted in Figure 1. To evaluate the impact 
of POCl3 based co-diffusion processes on the cell 
performance, the co-diffusion was carried out featuring 
either a low or a high oxygen gas flow during the first and 
the second temperature plateau. Table I shows the IV-data 
(one sun) versus oxygen gas flow (QO2) with the open 
circuit voltage (VOC), the short circuit current density 
(JSC), the fill factor (FF), the pseudo fill factor 
(pFF, [15]) and the conversion efficiency () as well as 
the ideal fill factor (FF0, [16]). 
 
Table I: Cell parameters (one sun) of comparable cells 
processed with co-difusion processes including POCl3 as 
gaseous diffusion source for FSF-formation. The cell 
parameters are presented in dependence of the oxygen 
gas flow during the first and the second temperature 
plateau (QO2). 
 
QO2 VOC JSC FF pFF FF0 
 (mV) (mA/cm2) (%) (%) (%) (%)
High 598.5 38.5 62.1 70.5 82.9 14.3 
Low 653.3 40.4 77.8 80.2 83.9 20.5* 
*calibrated measurement of the Fraunhofer ISE calibration laboratory 

 
Compared to solar cells processed with a high oxygen 

gas flow, the optimized process with a low oxygen gas 
flow allows for reasonable cell parameters with a solar 
cell efficiency of 20.5 %. It is assumed that the cells 
based on a high oxygen gas flow suffer due to the already 
mentioned interface oxidation between silicon and the 
solid B-diffusion sources. The interface oxidation induces 
a deceleration of B-diffusion and, thus, an emitter with a 
low doping-level. In consequence, the contact resistance 
of the Al-Si/p+-Si contact as well as the shunting current 
increase. The high contact resistance is confirmed by 
regarding the difference between pFF and FF, which 
correlates with the series resistance of the cell. The 
increase in shunting probability is confirmed by 
regarding the difference between FF0 and pFF which 
indicates on shunting paths and/or high recombination in 
the space charge region. The lower passivation quality of 
the rear surface and the increase in shunting current of 
the cell based on a low oxygen gas flow lead to a 
comparably low VOC. 

Compared to previous results ( = 18.3 %; [17]), 
POCl3 based BC-BJ solar cells feature an improved 
conversion efficiency and a strongly reduced process 
effort. 
 
 
4 EFFICIENCY IMPROVEMENT 
 
4.1 Motivation and cell preparation 

Parallel to the work focusing on POCl3 based 
co-diffusion processes, improvements of the base line 
without POCl3 are carried out by using PSG as 
FSF-diffusion source (Route A, Figure 1). These 
improvements cover the introduction of an improved 
BSG-deposition process [8], the usage of Cz-substrates 
with a base resistivity below 3 cm and a bulk carrier 
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lifetime higher than 3 ms, as well as an adaption of the 
contact opening coverage (COC). 

As a reference process with highly industrial 
relevance, an inkjet-printed boron ink (B-Ink) is applied 
as diffusion source for emitter formation as well. 

The COC of the squarely shaped contact openings is 
chosen to be 2 %. Since the specific contact resistance at 
the interfaces Al-Si/n+-Si and Al-Si/p+-Si is determined 
to be lower than 1 mcm2, FF-losses arising from the 
contact resistance should not become more than 1 %abs. 
To derive the upper limt of the pFF independent of 
spiking effects, reference cells without contact openings 
in the active cell area were prepared. Such cells feature a 
pFF slightly higher than 82 %. Thus, solar cells 
exceeding a pFF of 82 % should not be limited by 
spiking. 
 
4.2 Cell results 

The cell parameters of the manufactured solar cells 
(depicted in table II) reveal a significant increase in cell 
efficiency. 
 
Table II: Cell parameters (one sun) of solar cells based 
on the regarded cell improvements in dependence of the 
diffusion source used for emitter formation. Since the 
solar cells feature a different passivation quality upon the 
emitter, the pitch distance of the cells in not comparable. 
 

Source VOC JSC FF pFF 
 (mV) (mA/cm2) (%) (%) (%)
BSG 662.5 41.5 78.5 82.1 21.6* 
B-Ink 654.6 41.5 76.0 80.0 20.6* 

* calibrated measurement under investigation; current EQE-confirmed 

 
Compared to previous results the cells based on the 

cell improvements feature an increase in all cell 
parameters. The increase in VOC is assumed to be mainly 
generated by a decrease in emitter and contact 
recombination. The comparably high JSC is caused by the 
high minority collection ability of the solar cell device 
featuring a high bulk carrier lifetime and an emitter 
coverage of around 80 %. The increase in FF is mainly 
caused by an increase in pFF (less spiking) and an 
increase in lateral conductivity (lower specific base 
resistivity) of the solar cell device. 

Solar cells based on B-inks reveal a maximum 
conversion efficiency of 20.6 %. The decrease in VOC is 
mainly caused by the cell design implying a decrease in 
emitter coverage. The increase of shunting currents is 
unclear and will be investigated in subsequent 
experiments. 

All described improvements are transferable to the 
process sequence with POCl3-based co-diffusion 
processes (route B, Figure 1). Thus, further increase in 
efficiency is expected for this approach as well. 
 
 
5 CONCLUSIONS 
 

BC-BJ solar cells processed according to the 
suggested base line process provide both, high 
conversion efficiencies above 21 % and a low process 
effort. Due to the sophisticated co-diffusion, only one 
high temperature step is necessary to process BC-BJ solar 
cell devices featuring three differently doped areas. 
A severe process simplification is obtained by integrating 
POCl3 as gaseous diffusion source for FSF-formation. 

The evaluated co-diffusion processes allows for P-doped 
surfaces with sheet resistances in the range of 190 to 
340 /sq and low dark saturation current densities below 
45 fA/cm2. BC-BJ cells based on these new processes 
allow for conversion efficiencies up to 20.5 %. Crucial 
issues of POCl3 based co-diffusion processes like the  
interface oxidation of solid diffusion sources could be 
circumvented by carefully adjusting oxygen gas flows. 

A remarkable cell improvement is achieved by 
integrating new B-diffusion sources, by adapting 
properties of the bulk material and by modifying the cell 
design. Within only one year, the conversion efficiency 
of industrially convertible BC-BJ solar cells produced 
using one single thermal process could be increased from 
18.3 % up to 21.6 %. The steady increase in cell 
efficiency indicates the straight forward cell development 
of this sophisticated solar cell type. As an alternative to 
plasma based deposition techniques, direct inkjet-printing 
of boron inks is integrated in the base line process. In a 
first experiment, cells with a conversion efficiency of 
20.6 % could be fabricated. To our knowledge, this is the 
highest conversion efficiency ever reached in case of 
solar cells which use printable diffusion sources. 

Future research will concentrate on transferring the 
improvements to POCl3-based co-diffusion processes for 
combining minimum process effort with high efficiency. 
The upscaling of BC-BJ solar cells from small-scale to 
large-scale BC-BJ solar cells will be of special interest as 
well. 
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