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ABSTRACT: As a part of its cost reduction strategy, Q-Cells AG is exploring opportunities to fabricate mono-Si 
solar cells with more than 20% efficiency in mass production. In a joint R&D project, we are developing a back 
junction cell whose design is compatible with a wider range of silicon material qualities. Two-dimensional device 
simulations confirm an efficiency potential above 20% if wafers with lifetime > 600 μs and resistivity of 1-10 Ωcm 
are used. To obtain this specification, a tight rear pattern is required. Laser processing is identified as a promising 
patterning technique and can be well integrated in an industrial processing sequence. When fabricating laboratory 
cells according to this processing sequence, we have obtained efficiencies up to 21% on p- and n-type FZ wafers. On 
n-type Cz silicon a confirmed efficiency of 21% has been achieved, underlining the feasibility of our back junction 
solar cell approach. Based on these results, Q-Cells AG has decided to build up a pilot line in Thalheim, Germany. 
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1 INTRODUCTION 

In recent years, Q-Cells AG has advanced to be the 
largest independent producer of screen-printed silicon 
solar cells. Founded with the vision that photovoltaics 
will develop into the most important energy supplier in 
the world, Q-Cells’ strategy rests on two pillars: growth 
and cost reduction. Because the reduction of PV systems 
costs is mostly driven by technology, a focus is put on the 
development of next generation high-efficiency devices. 

One and a half years ago, Q-Cells AG has launched 
an R&D project to develop a low-cost monocrystalline
silicon solar cell with more than 20% efficiency which is 
feasible for large-scale production. The project partners 
are two PV institutes with leading R&D expertise in the 
field of high-efficiency cells, the Institute for Solar 
Energy Research (ISFH), Hameln, and the Fraunhofer 
Institute for Solar Energy Systems ISE, Freiburg. Under 
strict primacy of cost reduction the project aims at the 
development of a back junction cell that is compatible 
with low-cost Czochralski silicon material. 

Back contact solar cells as shown in Figure 1 put 
stringent requirements on the silicon wafer quality
because the minority carriers must diffuse through the 

entire cell thickness to the rear pn-junction. Typically, 
such devices require bulk lifetimes > 1 ms [1]. This raises 
silicon costs compared to conventional screen-printed 
cells because of a lower utilization of the silicon ingots. 
Accordingly, it is highly desirable to widen the lifetime 
specification. A well-known and established measure to 
achieve this is the reduction of cell thickness [2].  

This paper addresses possibilities how the lifetime
requirements for back contact devices can be further 
relaxed. We present a cell design that minimizes the 
lateral diffusion path of the minority carriers and
investigate its influence on cell efficiency. The resulting 
demands on the rear-side patterning are discussed and, 
finally, we present notable results from solar cells 
fabricated using industrially feasible technology. 

2 TECHNOLOGY  

2.1 Solar cell design 
The design of the back contact solar cell is depicted 

schematically in Figure 1. It includes key features that 
allow for high conversion efficiencies [3], such as
contactless front surface optimized for light trapping and 

Figure 1: Schematic cross-section of the back contact solar cell design (not to scale). Independent geometries of the diffused 
regions and the contact grid as well as tight back surface field areas help to widen the range of silicon material quality. 
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surface recombination, a rear passivated surface with 
localized contacts for low contact recombination, and a 
highly conductive back contact grid design that provides 
internal rear-surface reflection. 

The minimization of the lateral minority carrier 
diffusion is the key to relax the lifetime requirements. For 
example, assuming a 600 μm wide n-type diffusion in an 
n-type cell, minority carriers generated above the center 
of the back surface field must diffuse at least 300 μm 
before they are collected at the p-n junction. Accordingly, 
additional design features are included: 

• Tight rear-side pattern. Narrow base regions without 
emitter coverage are effective to lower the lateral
diffusion path of the minority carriers.  In addition, a 
tight contact finger pitch can reduce the sensitivity of 
the device to variations of wafer resistivity.  

• Interdigitated back contact grid with fingers whose
width can be independently chosen from the width of
the diffused n and p-type regions at the rear. Because 
a symmetrical contact scheme can be combined with 
large emitter area fractions, current collection can be 
maximized at a very low series resistance.  

Note that the cell design is compatible with the use of 
n and p-type silicon wafers if the geometry of the 
diffused areas is chosen accordingly. Patents on key 
features of the developed cell design are pending. 

2.2 Processing technology 
The processing sequence for back contact cells 

according to Figure 1 is more complex than the 
fabrication of conventional screen-printing devices. This 
is related to the design features contributing to a high 
efficiency which are mentioned above. To keep cell 
fabrication costs low, we use to a large extent standard 
processing technology with proven feasibility for 
industrial production, for example wet chemical etching 
and cleaning, deposition of dielectric layers and high 
temperature processing. 

A particular challenge in this project represents the 
technology to define the tight rear-side pattern. To ease 

lifetime specifications, structure dimensions in the range 
of 50 μm and a high reproducibility and accuracy in an 
industrial environment are required. The development of 
two low-cost technologies, screen printing and laser 
processing, were focused in this work. Whereas screen 
printing has already demonstrated its feasibility for the 
fabrication of high-efficiency back contact cells [3], laser 
processing represents a promising non-contact approach 
which is compatible with thin wafers. 

3 SOLAR CELL SIMULATIONS 

Because a pure experimental development of a back 
contact silicon solar cell is costly and time-consuming, 
two-dimensional (2D) semiconductor simulations were
performed to help determine the optimal device structure 
and investigate the influence of relevant wafer properties. 
2D simulations are recommended for back contact cells 
because of their high degree of lateral current.  

The simulations were performed using the simulation
environment PVObjects, which is described elsewhere in 
detail [4]. The smallest unit cell, i.e. the area between the 
centers of the n-type and the p-type contact, respectively, 
was used as symmetry element for the n-type device (see 
Figure 1). For all simulations a cell thickness of 150 μm 
and a unit cell width of 600 μm was assumed, which is 
equivalent to a contact finger pitch of 1.2 mm.  

The device parameters such as doping profiles, bulk
resistivity and most of the cell dimensions were chosen 
according to the processes used for cell fabrication. The 
surface recombination velocity of the passivated front 
side and the passivated areas on the rear side were taken 
from [5]. Losses at the cell borders were not considered 
in the simulation. The ohmic losses in the interdigitated 
rear contact grid were simulated by an additional lumped 
series resistance of 0.5 Ω cm. 

3.1 Minority carrier lifetime and bulk resistivity 
As mentioned above, the silicon material quality, i.e. 

minority carrier lifetime, represents a material parameter 
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Figure 2: Simulated efficiency versus minority carrier 
lifetime for the industrially feasible n-type solar cell. The 
lines show the results for different bulk resistivities 
assuming a rear pattern with 50 % emitter fraction.
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Figure 3: Simulated cell efficiency versus bulk resistivity 
for an assumed minority carrier lifetime of 1 ms. The 2D 
simulation was performed for a device design on n-type 
base material with large and medium emitter fraction. 
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that is particularly critical for the performance of back 
contact solar cells. To investigate the sensitivity of the 
device to variations in minority carrier lifetime and bulk 
resistivity, a symmetry element with an emitter area of 
50 % was simulated. The results are shown in Figure 2.  

The graph illustrates the influences of wafer quality 
on cell efficiency. A sharp efficiency decrease occurs for 
lifetimes below 600 μs independent of the doping level. 
As the lifetime, and therefore diffusion length, decreases, 
a larger number of minority carriers can no longer be 
collected anymore and the cell suffers from a low 
performance. For the dependence on bulk resistivity, a 
steady increase of cell efficiency is observed in the range 
of 0.5 - 10 Ω cm. This relates to an increasing minority 
carrier mobility, a shift towards higher injection levels for 
lower doping concentrations, as well as transport 
phenomena resulting in lower recombination losses. 

Figure 2 demonstrates that for the existing cell design 
and 50 % emitter area at the rear, cell efficiencies above 
20 % are possible, if a bulk resistivity between 2 and 
10 Ωcm is chosen and the device can be fabricated from 
wafers with lifetime > 600 μs. In addition, the simulation 
shows a considerable efficiency gains for 2 ms wafers.  

3.2 Bulk resistivity and emitter coverage 
To analyze the effect of the emitter fraction covering 

the rear device surface, we simulated the I-V performance 
as a function of doping concentration. The results for two 
different emitter fractions are shown in Figure 3. 

In both cases, bulk resistivities ≤ 1 Ω cm lead to a 
decrease in cell efficiency. This is due to a reduced 
carrier collection lowering the short circuit current. This 
effect is more pronounced for the smaller emitter area 
fraction. In case of the larger fraction a slight efficiency 
decrease is also found for high bulk resistivities. As 
carrier collection only slightly improves for high 
resistivity material, the negative effect in fill factor 
becomes visible. Finally, the emitter coverage of 80 % 
allows for a remarkable efficiency gain of 0.5 % absolute 
compared to a 60 % emitter area fraction and the cell 
performance stabilizes over a wide resistivity range from 
1 to 10 Ω cm. 

It should be noted, that these results of Figure 2 
cannot be directly compared with Figure 3, because the 
latter simulation used an improved p-type emitter profile 
which leads to somewhat higher cell efficiencies. 

In summary, the simulation results show that the low-
cost back contact design is effective to relax silicon 
requirements. Cell efficiencies > 20 % are achievable for 
wafers with τ > 600 μs and 1 ≤ ρ ≤ 10 Ωcm, if an emitter 
fraction of 80 % is realized. This improves the utilization 
of the silicon ingots, reducing per-watt costs. 

4 EXPERIMENTAL RESULTS 

4.1 Rear-side patterning 
Adjusted screen printing and laser processing were 

investigated for the definition of the rear pattern with a 
contact finger pitch down to 1.2 mm. Both techniques
were developed to yield high reproducibility and 
accuracy for each of the basic structuring steps in the 
process sequence of the back contact cell, including 
adjacent p-type emitter and n-type back surface field 

areas, adjusted opening of contact holes, and the 
structuring of the rear contact grid.  

Figure 4 shows details of rear patterns prior to 
metallization which were obtained by adjusted screen 
printing and laser processing, respectively. As illustrated 
in Figure 4a, the use of screen printing allows for an 
accurate adjustment of different patterns. In this image 
the width of the contact holes is in the range of 100-
200 μm. Roughly, this represents the lower limit of the 
structure sizes that can be reproducibly achieved by low-
cost screen printing in a production environment.  

The corresponding detail of a laser structured pattern 
is shown in Figure 4b. Note that in this image a localized 
emitter and back surface field were processed with an 
intermediate n-type base area. By comparing the width of 
the localized contacts, the potential of laser processing to 
define finer structures is obvious. In fact, structure sizes 
down to 30-60 μm were obtained depending on the 
patterning step. Furthermore, laser processes allow for a 
more accurate adjustment of subsequent structures as can 
be seen from the n-contact line lying well inside the back 
surface field area. It is concluded that the use of laser 
processing is advantageous for the fabrication of high-
efficiency back contact cells featuring tight rear patterns. 

4.2 Solar cell results 
By applying the developed processing sequence, back 

contact solar cells were fabricated in the laboratories of 
Fraunhofer ISE and ISFH using industrially feasible
technology. P-type boron-doped and n-type phos-
phorous-doped float zone wafers with a thickness of

Figure 4: Micrographs showing details of the rear side 
pattern prior to solar cell metallization. The patterns were 
defined by (a) screen printing and (b) laser processing 
(lower). For both images the same scaling is used. 
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250 μm with different resistivities provided by Wacker 
Siltronic as well as 180 μm and 1.5 Ω cm Czochralski 
wafers. The rear side of these cells was completely
patterned by laser processes with a contact finger pitch of 
around 1.2-1.4 mm and an emitter fraction of roughly 
60 %. 

Table 1 summarizes the best results obtained on small 
areas. On 1.5 Ω cm float zone material, efficiencies up to 
21% were achieved on p and n-type wafers demonstrating 
the potential of the cell concept for both types of silicon. 
Whereas the increase in fill factor for the n-type cell is 
related to the progress in cell manufacturing, the 3 % 
difference in open circuit voltage can be explained by a 
slightly adapted cell geometry and an emitter 
recombination current which is still somewhat higher if 
n-type wafers are used. 

For 10 Ω cm wafers, an equivalent cell performance 
was achieved with a remarkably high short circuit current 
of 42 mA/cm². The increase in short circuit current fully 
compensates the reduced fill factor due to a higher base 
resistivity. This is in good agreement with the simulation 
results (see Figure 3) and confirms the low dependence 
of cell performance on resistivity variations in the range 
of 1-10 Ω cm, allowing for a full utilization of the grown 
silicon ingots an thus lowering the material cost. 

The transfer of these results to industrial n-type 
Czochralski silicon was successful. On 1 Ω cm wafers an 
independently confirmed conversion efficiency of 21% 
with a short circuit current close to 41 mA/cm² was
achieved. This clearly demonstrates the industrial 
feasibility of the developed back contact solar cell design 
and, particularly its compatibility with a wider range of 
silicon material qualities.  

Recently the project partners have started to scale up 
the processing sequence for the fabrication of larger cells. 
Only processing technology that is feasible for mass 
production is included in the sequence. First cell batches 
were processed and resulted in efficiencies of 19% on an 
area of 95 cm². Fill factors above 77% demonstrate the 
accuracy of the applied patterning processes. 

It is worth emphasizing that the cell processing in the 
laboratories of both R&D institutes resulted in equivalent 
device efficiencies. This clearly underlines the high 
reproducibility of the developed processing sequence. 

5 CONCLUSION 
As a part of its cost reduction strategy, Q-Cells AG is 

exploring opportunities to fabricate monocrystalline 
high-efficiency silicon solar cells. A back junction cell 
design represents an attractive approach, if mean 

efficiencies above 20% are achieved in large-scale 
production on low-cost Czochralski silicon wafers.  

A tight rear pattern and the realization of large 
emitter area fractions and are effective to relax the 
requirements on minority carrier lifetime of the wafer 
material. The increased requirements on the accuracy of 
patterning can be successfully met by laser processing 
which we consider as industrially feasible. Efficiencies 
up to 21% have been reported for laboratory cells 
manufactured with low-cost processes at Fraunhofer ISE 
and ISFH. Based on recent results, Q-Cells AG has 
decided to build up a 1 MW pilot line in Thalheim, 
Germany. 
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Table 1: Output parameters of selected 4 cm² laboratory cells as obtained by designated area I-V measurements at 
1000 W/m², AM1.5g and 25 °C. The back contact solar cells were processed at ISFH, Hameln, and Fraunhofer ISE, 
Freiburg, on different silicon materials using industrially feasible technology. 

Si material Voc  
[mV] 

jsc  
[mA/cm²] 

FF  
[%] 

ηηηη  
[%]

Float zone Si p-type (B), 1.5 Ω cm 673 41.0 76.0 21.0

Float zone Si n-type (P), 1.5 Ω cm 654 39.6 81.1 21.0 

n-type (P), 10 Ω cm 653 42.1 76.6 21.0 

Czochralski Si n-type (P), 1 Ω cm 655 40.8 78.7 21.0*)

*) independently confirmed at CalLab, Fraunhofer ISE, Germany. 
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