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ABSTRACT: This study describes the development of a two-step SF6/O2 texturing process using an inline industrial-
type plasma system with combined microwave and radiofrequency excitation. It is shown that efficient texturing of 
polished (100), (111) and multicrystalline surfaces is possible. Multicrystalline silicon solar cells are processed 
proving an average efficiency gain of 0.2 % absolute compared to standard acidic texturing. With an improved sur-
face passivation even a gain of 0.4 % absolute is achieved. 
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1 INTRODUCTION 
 

Since 1998, SF6/O2 plasma etching is proposed as 
alternative surface texturing process in crystalline silicon 
photovoltaics [1-8]. The possibility to form structures 
independently of the crystallographic surface orientation 
makes plasma texturing especially interesting for mul-
ticrystalline solar cells. However, for innovative cell con-
cepts requiring a polished rear surface, the single-sided-
ness of plasma processes as well as the possibility to 
reach a light-trapping texture from a polished surface 
with a low silicon removal can be very attractive for 
monocrystalline cells, too. An effective single-sided and 
crystallographically independent process could simplify 
production of rear-side passivated solar cells, introduc-
tion of thinner wafers, kerf-loss-free wafering techniques, 
and usage of casted multicrystalline or mono-like mate-
rial. Due to the complexity of the SF6/O2-plasma reaction 
with a silicon surface, it is still a challenge to manage a 
plasma-texturing process in a mass-production feasible 
plasma tool. It has already been shown that the linear-mi-
crowave-antenna excitation (2.45 GHz) of a Roth&Rau 
SiNA with an additionally in-coupled RF field 
(13.56 MHz) can be used for inline-feasible plasma tex-
turing processes [9]. We present now a promising two-
step SF6/O2 texturing process in this high-throughput 
tool, which is applicable for industrial solar cell manu-
facturing. Applying this two-step approach, allows the 
use of a plasma texture without the need of severe 
changes in the solar cell production processes. 

 
2 EXPERIMENTAL 
 
2.1 Two-step plasma texturing process 

We have developed a plasma texturing process for 
saw-damage free surfaces using SF6 and O2 as reaction 
gases. In Figure 1 the two steps are depicted schemati-
cally and by SEM images of prior shiny etched surfaces 
with (100) and (111) orientation. In the first step, single 
deep holes are etched in the initial surface forming a pre-
structure for the actual texturing. In the second step, the 
holes are widened resulting in pyramid-like structures. 
This second step is not independent from the crystallo-
graphic orientation. Therefore, cascaded structures occur 
at the slower etched (111) surface. As can be seen, the 
process leads to structures, which seem to be reasonably 
mechanically stable to withstand further processing steps 
like screen-printing of contacts. Furthermore, it does not 
show very deep holes or fine roughness, which could be 
difficult to reach with the deposition of a passivating anti-
reflection coating.  

 
The reflection resulting from this process is plotted 

spectrally resolved in Figure 2 for a (100)-surface, a 
(111)-surface and for a multicrystalline surface, which 
was polished in KOH solution prior to the plasma-tex-
turing process. For comparison, reflection values of a 
shiny-etched surface, of an acidic textured (isotextured) 
multicrystalline surface and of an alkaline-textured ran-
dom-pyramid surface are plotted. It can be seen that on 

 
Figure 1: Sketch of the two-step process using deep-etching of single holes in a first step and a crystal-dependent etching 
of pyramid-like structures on (100)-surfaces and cascaded basins on (111)-surfaces. 



Presented at the 28th European PV Solar Energy Conference and Exhibition, 30 September – 04 October 2013, Paris, France 

Acidic 
texturing

Acidic polishing
Alkaline 
polishing

2-step plasma texturing

Wet-chemical cleaning

POCl3 tube diffusion

PSG removal

PECVD: SiNx:H (ca. 75 nm)

Cleaning

ALD-AlOx

Screen printing with solder pads

I. II. III. IV. V.

Fast firing

Laser edge isolation

Acidic 
texturing

Acidic polishing
Alkaline 
polishing

2-step plasma texturing

Wet-chemical cleaning

POCl3 tube diffusion

PSG removal

PECVD: SiNx:H (ca. 75 nm)

Cleaning

ALD-AlOx

Screen printing with solder pads

I. II. III. IV. V.

Fast firing

Laser edge isolation  
Figure 3: Process flow chart to evaluate solar cells using 
the two-step plasma texturing approach. 
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Figure 2: Spectrally resolved reflection of the two-step 
process on different crystallographic orientations. 

(100)-surfaces using the two-step process, reflection val-
ues comparable to the alkaline random-pyramid texturing 
could be achieved. On (111)-surfaces the resulting tex-
turing leads to higher reflection values, but still clearly 
lower than reflection from the polished surface. There-
fore, for the multicrystalline surface a much lower reflec-
tion compared to a typical acidic texturing is achieved. 
 
2.2 Solar cells 

To evaluate the impact of the developed two-step sur-
face texturing process on final device level, first solar 
cells have been processed using multicrystalline silicon 
wafers (p-type, ρ = 1.5 Ω cm, 156 × 156 mm2, 
W = 200 μm). Three different wet-chemical processes for 
saw-damage removal before plasma texturing have been 
performed, as depicted in Figure 3. For one group, the 
same acidic texturing as performed on the standard refer-
ence group has been used as basis for an additional 
plasma texturing. Further on, the plasma texturing was 
applied on rather flat surfaces achieved by alkaline pol-
ishing in KOH as well as acidic polishing in HF-HNO3. 
After the different pretreatments, the two-step plasma 
texturing process was performed on all groups except the 
standard reference group. The acidic polished wafers 

were further split in two groups, one of which received an 
additional thin Al2O3 layer, deposited by atomic layer 
deposition (ALD) below the silicon-nitride anti-reflection 
coating (SiNx-ARC) to improve the front surface pas-
sivation. Besides texturing and Al2O3 deposition, the so-
lar cells were processed like industrial standard solar 
cells (see Figure 3): a POCl3-diffused phosphorous emit-
ter with a sheet resistance of Rsh.e = 65 Ω/sq, PSG re-
moval in diluted HF, SiNx-ARC deposited by PECVD, 
screen-printed Ag contact fingers on the front and screen-
printed Ag/Al solder pads as well as a full Al contact on 
the rear side, fast firing for contact and Al-BSF formation 
and edge isolation by a laser groove. For the experiment, 
neighboring wafers have been taken from one ingot and 
randomized. In each group, 12 wafers were processed. To 
optimize the front contact scheme, a variation of three 
firing peak temperatures has been performed. Finally, the 
average results of four solar cells per group are compared 
to evaluate the different processes. 

 
 

3 RESULTS 
 

In Figure 4, J(V) measurement results for the differ-
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Figure 4: IV results (average and standard deviation of 4 cells). Group numbers correspond to Fig. 3. 
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Figure 6: EQE/IQE results (best solar cell per group). 
Group numbers correspond to Fig. 3. 
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Figure 5: Analysis of fill factor losses. Group numbers 
correspond to Fig. 3. 

ent groups are summarized. As can be seen for group IV 
and V an improved conversion efficiency compared to 
the standard reference (group I) could be achieved. This 
shows that the acidic polishing process was most suitable 
as wet-chemical saw-damage removal before plasma 
texturing. For the combination of acidic texturing and 
plasma texturing (group II), the open-circuit voltage is 
clearly decreased compared to the other groups. Most 
likely, a too rough surface results from this texturing 
combination afflicting the surface passivation. All further 
groups show similar open-circuit voltages proving the 
comparability of surface passivation on plasma-textured 
surfaces and acidic textured surfaces.  

 
The fill factor is similar to the reference for all 

plasma-textured groups besides the previously alkaline 
etched cells (group III). Figure 5 shows an itemization of 
the fill factor losses in losses due to non-ideality of the 
diode (FF0 – pFF) and losses due to series resistance 
(pFF – FF). Additionally, the series resistance Rser de-
termined from the comparison of the light and dark J(V) 
characteristic is plotted. It can be seen that the cells of 
group III have a significantly higher series resistance 
leading to the observed loss in fill factor. 

 
The series resistance mapping in Figure 7 shows that 

the problem appears especially on single grains. It might 
be that varying surface reflections on the grains result in 
different reactions on the radiation heaters in the firing 

process. Therefore, the optimal temperature condition 
cannot be achieved for all grains at once. A similar 
problem is already described for alkaline texturing on 
multicrystalline surfaces [10]. Moreover, etch rates de-
pending on the different surface orientations could lead to 
step formation between the grains, which might compli-
cate a homogeneous screen-printing. 

 
The efficiency improvement of the plasma-textured 

cells in group IV and V is based on an increased short-
circuit current density Jsc. Figure 6 shows the external 
quantum efficiency (EQE), the reflection, and the thereof 
calculated internal quantum efficiency (IQE) for the 
champion cell of each group. It can be seen in the EQE 
that the gain in Jsc for the plasma-textured cells comes 
from the front side (short wavelengths) as well as from 
the rear side (long wavelengths). The reflection curves 
show that this benefit is achieved by an improved light 
trapping by the plasma-textured cells compared to the 
standard acidic textured ones. However, regarding the 
IQE, it can be seen that the reference group is clearly su-
perior in the short-wave range. The reduced IQE does not 
seem to have origin in a lack of surface passivation as in 
this case also the open-circuit voltage should be afflicted. 
Furthermore, the fact that the loss of quantum efficiency 
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Figure 7: Series resistance mapping. 
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reaches up to about 600 nm indicates an emitter problem. 
As already known for alkaline-etched pyramid-like tex-
tures, the phosphorous diffusion on peaks is much more 
pronounced as the phosphorous diffusion in troughs [11]. 
This can be easily understood as the diffusion takes place 
from different surfaces simultaneously to the peak. As the 
pyramids observed for the plasma texturing are in the 
range of the phosphorous emitter depth, it is to assume 
that the pyramids are almost completely converted to n-
type. Additionally, a main part is doped considerably 
higher, since it is reached by the phosphorous diffused 
from different pyramid surfaces. The higher doping level 
however leads to shorter minority charge carrier diffusion 
lengths and reduces the collection probability for these 
carriers. The main disadvantage of the small pyramids is 
that the density of peaks is much higher and therefore 
also the regions with lower collection probability are in-
creased. It is to assume that this effect leads to the lower 
IQE observed for the plasma-textured solar cells. To fur-
ther improve the solar cells, it is aimed to increase pyra-
mid scales by optimizing the plasma-texturing process 
and to adapt the emitter diffusion process to achieve 
lower phosphorus surface concentration in the small 
pyramids. An IQE comparable to standard acidic textured 
cells combined with the low reflectance by the plasma 
texturing would result in an additional short-circuit cur-
rent gain of even ca. 1 mA/cm2. 
 
 
4 SUMMARY AND CONCLUSIONS 
 

Silicon solar cells based on multicrystalline substrate 
wafers, were produced as proof of concept for the devel-
oped two-step plasma-texturing process. An average effi-
ciency improvement of 0.2 % absolute compared to stan-
dard solar cells was achieved by just exchanging the sur-
face texturing process. With an additional Al2O3 layer 
below the silicon nitride to improve the passivation of the 
plasma-textured surface the conversion efficiency was 
improved in average by 0.4 % absolute.  

Spectral-response measurements show that a signifi-
cant part of the benefit due to the reduced reflection is 
lost by lower internal quantum efficiency (IQE). The de-
creased IQE is supposed to result from a low effective 
minority-carrier diffusion length in the emitter. Due to 
the small sizes, the phosphorus diffusion leads to high 
doping inside the pyramid-like structures and thus to a 
lower collection probability of charge carriers generated 
inside the texture. Increasing the structure sizes and 
adapting the emitter diffusion to the plasma texturing are 
the main objectives for future development. As this first 
test was only a proof of concept without any adaption of 
the different processes to the two-step plasma texturing 
process, it is to assume that a more pronounced efficiency 
improvement is possible. 
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