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ABSTRACT: This work focuses on simplifying the fabrication process of our near-industrial n-type silicon solar 
cells with screen-printed aluminium-alloyed rear emitter. We investigate the structural and electrical properties of Al 
emitters alloyed on differently prepared Si surfaces. We demonstrate that the formation of a proper emitter neither 
requires a planar nor a non-diffused rear surface, thus allowing both-sided surface texturing and both-sided phospho-
rous doping during the n+ front surface field diffusion without the need of an additional protecting rear masking 
layer. On textured surfaces a careful choice of the printing and alloying conditions is essential to obtain Al-p+ emit-
ters without shunts in form of locally non-alloyed regions. By adjusting the alloying conditions or by applying a sim-
ple rear surface conditioning step, shunts can be effectively prevented, thereby simultaneously increasing the internal 
reflectance and reducing the Al-p+ emitter saturation current density. Al alloying on P-diffused rear surfaces is shown 
to be uncritical. In summary, we demonstrate that Al alloying for p+ emitter formation can be easily realised on tex-
tured and P-diffused surfaces leading to a much more flexible fabrication of our n-type silicon solar cells. 
Keywords: Industrial Cell Processing, Aluminium-alloyed Emitter, n-type Silicon Solar Cells 
 

 
1 INTRODUCTION 
 

The fabrication of high-efficiency silicon solar cells 
sets high demands on the quality of the bulk material. 
Using p-type boron-doped Czochralski-grown silicon 
does not satisfy these demands due to the detrimental 
effect of boron-oxygen-related light-induced degradation 
[1]. The further purification of the silicon by methods 
like zone melting is expensive and industrially unprofit-
able. Therefore an alternative approach is pursued in in-
dustrial cell production, which is based on n-type phos-
phorous-doped Si, thereby taking advantage of the supe-
rior electrical properties due to higher and more stable 
diffusion lengths [2]. However, to benefit from the excel-
lent material properties, an industrially applicable emitter 
fabrication method is necessary, directing the intention to 
alloying of screen-printed aluminium pastes [3]. For 
large-area solar cells featuring a full-area screen-printed 
Al-alloyed rear emitter, we have recently reported effi-
ciencies of 18.2 % [4] (Figure 1, total area 148.5 cm2), 
which we have further increased to a remarkably high  
 

 
 
Figure 1: Structure of our near-industrial n+np+ n-type Si 
solar cell with screen-printed aluminium-alloyed rear p+ 
emitter [4]. 

value of 19.3 % [5]. For small-area solar cells we have 
achieved efficiencies exceeding 20 %, demonstrating the 
high potential of this n+np+ cell structure [6]. 

In this work, we focus on simplifying the fabrication 
process of our large-area n-type solar cells with Al-p+ 
rear emitter. For process simplification a closer look on 
the solar cell processing sequence, which is described in 
[4], is obligatory. 

In detail: After saw damage etching, an oxide mask is 
prepared on the rear side to provide protection for the 
subsequent texturing with random pyramids and the 
phosphorous front surface field (FSF) diffusion. Then the 
oxide layer is removed in a HF solution. Subsequently, 
an antireflection silicon nitride layer is deposited on the 
front by plasma enhanced chemical vapour deposition 
(PECVD) and the seed layer for the front side metallisa-
tion is printed using the aerosol technique. After full-area 
screen-printing of aluminium paste onto the rear, a co-
firing step is carried out to form the front contacts and to 
simultaneously alloy the Al-p+ rear emitter. Finally, the 
seed layer is thickened by means of light-induced silver 
plating. The resulting cell structure is shown in Figure 1. 

As the processing sequence is already quite straight-
forward, the possibilities for simplifying the solar cell 
manufacturing are very limited. Our approach therefore 
is based on omitting rear side oxide masking, which has 
primarily been included to enable single-sided texturing 
and a single-sided phosphorous diffusion of the n+ front 
surface field (FSF). Our investigations therefore concern 
two main issues: (i) the alloying of screen-printed 
Al  pastes on textured surfaces and (ii) the overcompen-
sation of the rear P diffusion by Al alloying. Though this 
simplification procedure is already used in the fabrication 
of conventional p-type solar cells with Al  back surface 
field (BSF) [7, 8], the alloying conditions cannot be 
transferred to n-type solar cells for the p+ emitter forma-
tion without restrictions [9]. 
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2 ALUMINIUM ALLOYING ON TEXTURED SUR-
 FACES 
 
2.1 Sample Fabrication 

In the course of this study, we fabricated simple test 
samples to investigate Al alloying on textured surfaces 
using the processing sequence shown in Figure 2. As 
starting material we used saw damage-etched Si wafers. 
After texturing with random pyramids, the samples were 
split into three groups to prepare different surface condi-
tions. Whereas the first fraction was retained (surface 
condition a), the second fraction was exposed to KOH 
solution for 90 s to round off the vertices and edges of 
the pyramids (surface condition b). The third fraction 
was mechanically grinded to remove the pyramids, 
thereby inducing a faint grinding damage (surface condi-
tion c). Figure 3 shows scanning electron microscope 
(SEM) images of the sample surfaces after these prepara-
tion steps. In addition to textured samples, we took  
along shiny-etched Si wafers as references (surface con-
dition d). 

After surface preparation a commercially available 
aluminium paste was screen-printed onto the entire rear 
surface, thereby using an amount of 7 mg/cm² and 
16 mg/cm² (measured after drying). For the formation of 
the Al-p+ region, the samples were subsequently fired in 
a conveyor belt furnace at a peak temperature of 900°C. 
Two different peak temperature times were applied here, 
which were adapted to the respective Al amount [10-12]: 
A short one (4 s) for the lower and a more extended one 
(7 s) for the higher Al amount. To simplify matters, these 
printing and firing conditions are referred to as alloying 
conditions A and B, see Figure 2.  

To enable a distinct characterisation of the emitter 
homogeneity, paste residuals and the Al-Si eutectic layer 
were subsequently etched off in hydrochloric acid. 

 
2.2 Homogeneity of Al-p+ Emitter 

The formation of a non-shunted and homogeneous 
Al-p+ region is a crucial point for the fabrication of 
n-type Si solar cells with Al rear emitter. Therefore, the 
transfer of Al alloying from planar to textured surfaces 
has to be done carefully. Figure 4 shows SEM pictures of 
a surface formerly textured with random pyramids (sur-
face condition a) after Al alloying using alloying condi-
tions A. It is clearly visible that part of the surface still 
exhibits sharp-edged pyramids. Due to the steep ascent of 
the Al-p+ doping profile against the Si bulk, a well-
defined contrast in cross-sectional SEM  images indicates  
the Al-p+ / Si interface and can therefore be used for ho- 
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Full-area aluminium screen-printing and emitter alloying

Alloying conditions:
A: Paste amount:   7 mg/cm², Peak temperature time: 4 s
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Characterisation
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Etching
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Figure 2: Processing sequence of the surface preparation 
before aluminium screen-printing. 
 
mogeneity investigations. Applying alloying condi-
tions A, the Al-p+ region does not form homogeneously 
along the surface which can lead to shunts within the 
pointed valleys between two pyramids. This may be at-
tributed to the size of the Al paste particles which is too 
large to provide full coverage of the valleys by screen-
printing. Therefore dissolving of Si into the Al-Si melt 
and epitaxial Si recrystallisation during alloying does not 
range deep enough to affect the pyramid valleys as well. 

Our approach for an improved emitter formation is 
based on adapting the printing and firing conditions in 
order to increase the amount of dissolved and recrystal-
lised Si [12]. Using alloying conditions B leads to a 
smooth surface, as the former pyramidal texture is totally 
flattened during the alloying process, see Figure 5. As a 
result the Al-p+ region forms very homogeneously with-
out any shunts. 

For industrial cell fabrication Al alloying often has to 
be adjusted to other processes, e.g. the firing of the front 
side metallisation, prohibiting a free choice of the alloy-
ing conditions. Therefore other approaches for Al alloy-
ing on textured surfaces, based on curing the surface after 
texturing, were performed: (i) broadening the critically 
pointed valleys between the pyramids by a short chemi-
cal etching step in KOH solution (surface condition b) 
and (ii) flattening the pyramids by mechanical grinding 
(surface condition c), see Figure 3b and 3c, respectively. 
After alloying using conditions A the surface hence pos-
sesses an uneven, wavy topology, see Figure 6. However, 
the sharp edged pyramids vanish and the Al-p+ region

 

100 µm 100 µm 100 µm

2 µm

(a) Random pyramids (b) Rounded pyramids (c) Grinded
pyramids

Figure 3: SEM top view images of the sample surfaces after preparation. Labels (a) to (c) are assigned according to Figure 2. 
The inset in image (c) shows a close-up image of the grinding damage. 
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Figure 4: SEM top view (left) and 
cross-sectional image (right) of a 
surface formerly textured with ran-
dom pyramids (surface condition a) 
after alloying using conditions A 
and paste removal. Part of the sur-
face still features sharp-edged 
pyramids (left). The Al-p+ region 
does not form continuously due to 
insufficient alloying within the 
pointed valleys between the pyra-
mids (right). 

 

100 µm 50 µm
 

Figure 5: SEM top view (left) and 
cross-sectional image (right) of a 
surface formerly textured with ran-
dom pyramids (surface condition a) 
after alloying using conditions B 
and paste removal. The adaption of 
the printing and firing conditions 
leads to the complete dissolving of 
the pyramids and a homogeneous 
Al-p+ formation. 

 
forms continuously. Comparing the topology and emitter 
homogeneity of these samples to the shiny-etched refer-
ence sample (surface condition d, Figure 6 d) indicates 
that the rough surface is not caused by the surface prepa-
ration itself but by the alloying conditions. This implies 
that for shunt prevention not the entire pyramidal texture 
but only the critical spots have to be removed. 

Although involving additional process steps, chemi-
cal etching or mechanical grinding represent explicit 
process simplifications. Instead of demanding the fabri-
cation of etch masks by means of thermal oxidation, 
PECVD layers or inkjet techniques and a subsequent lift-
off etching, these approaches only require the deposition 
of a protective SiNx layer on the front side, which is al-
ready implemented in the solar cell processing sequence 
as the front side antireflection coating. Therefore no sig-
nificant changes in the solar cell fabrication process are 
necessary. 
 
2.3 Internal Reflectance 

Aluminium layers exhibit strong parasitic absorption 
due to plasmon stimulation which reduces the internal 

reflectance Ri, i.e. the reflectance in the long wavelength 
range at the solar cell’s rear, of our n-type Si solar cells 
with Al-alloyed rear p+ emitter [6, 13]. 

To evaluate the influence of the alloying conditions 
on the internal reflectance, a 2 µm thick Al metal layer 
was evaporated on top of the Al-doped p+ regions. Hence 
the evaporated Al layer replaces the screen-printed back 
side metallisation for the reflectance measurements. This 
substitution is suitable since the surface morphology of 
the Al-doped p+ region, including pyramidal Al-contain-
ing crystalline structures [10, 11, 14], is completely pre-
served. Moreover, after screen-printing and alloying, the 
surface of the Al-doped p+ region is covered by a com-
pact layer with eutectic composition [12]. This eutectic 
layer is composed heterogeneously, i.e. Si and Al segre-
gate into two separate phases when the Al-Si melt solidi-
fies at the eutectic point. As the eutectic layer consists of 
Al to a large percentage, the Al-doped p+ region is pre-
dominantly covered by an Al metal layer which ap-
proximately is similar to the evaporated Al layer. We 
could verify the substitution of the back side metallisa-
tion via reference measurements. 
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Figure 6: SEM 
top view (top)
and cross-sectio-
nal image (bot-
tom) of samples 
after different sur-
face preparations 
and Al alloying 
using conditions A 
and paste removal. 
Labels refer to 
surface condi-
tions. 
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Figure 7: Reflectance in the long wavelength range after 
alloying using alloying conditions A and B, respectively, 
and Al metal evaporation. Full symbols refer to rear sur-
faces that were formerly textured (surface condition a), 
hollow symbols to additionally KOH etched rear surfaces 
(surface condition b).  
 

The reflectance in the long wavelength range is 
shown in Figure 7 for samples that formerly featured a 
textured or a textured and KOH-etched rear surface  
(surface condition a and b, respectively) after alloying 
using conditions A or B. It can be seen that the roughness 
of the Al-p+ region caused by alloying conditions A  
on textured surfaces strongly reduces the internal  
reflectance Ri. This may be attributed to enhanced  
parasitic absorption in the rear Al metal which is known 
to increase with surface roughness [15]. The implementa-
tion of a short etching or grinding step leads to a slightly 
improved internal reflectance due to the smoother  
Al-p+ surface after alloying A. The more accurate 
smoothing of the Al-p+ surface by the adaption of the 
alloying conditions (alloying condition B), however,  
results in a significantly larger increase in Ri. Therefore 
in addition to shunt prevention, the application of 
adapted alloying or simple after-treatment steps also 
could lead to an increase in the short-circuit current den-
sity of the solar cell. 
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Figure 8: Saturation current density J0
Al-p+ as a function 

of Al alloying conditions and P diffusion. Full symbols 
refer to samples without additional rear P diffusion and 
hollow symbols to samples with diffusion, respectively. 
 

3 OVERCOMPENSATION OF REAR PHOSPHO-
 ROUS DIFFUSION 

 
Besides demanding Al alloying on textured surfaces, 

omitting the rear side oxide masking leads to a both-
sided POCl3 diffusion during the formation of the n+ FSF. 
Thus the second part of this work deals with overcom-
pensating the rear P diffusion. 
 
3.1 Sample Fabrication 

We fabricated simple lifetime test samples [10] to  
investigate the overcompensation of the rear P diffusion. 
We used shiny-etched float-zone (FZ) Si with a resistiv-
ity of 100 Ωcm. As the emitter properties do not depend 
on the kind of bulk doping, we chose p-type Si for 
evaluation reasons. To directly characterise the influence 
of the rear P diffusion, the samples were split into two 
groups, one group receiving a single-sided rear diffusion 
owing to an additional front thermal oxide mask, the 
other group remaining undiffused. Two different P-n+ 
diffusion profiles were applied here: An industrial-type 
doping profile with a sheet resistance of 65 Ω/sq and a 
surface doping concentration of 1·1020 cm-3, and a 
driven-in doping profile with similar sheet resistance and 
a surface doping concentration of 5·1019 cm-3. Subse-
quently the oxide mask is etched off and a PECVD SiNx 
layer (refractive index 2.1) is deposited to passivate the 
front side. For the alloying of the screen-printed Al paste 
conditions A and B were applied, see section 2.1. Finally, 
the samples were treated to an etching step in hydrochlo-
ric acid to remove paste residuals and the Al-Si eutectic 
layer. 
 
3.2 Results and Discussion 

Quasi-steady-state photoconductance (QSSPC) meas-
urements were performed to determine the Al-p+ emitter 
saturation current density J0

Al-p+ [10] for samples with 
and without preceded rear P diffusion, see Figure 8. It is 
clearly visible that the additional rear diffusion does not 
affect the electrical properties, as J0

Al-p+ differences are 
within measurement uncertainties. In particular, there is 
no difference observable for the shallow and the driven-
in P doping profiles. This can be attributed to the segre- 
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Figure 9: ECV doping profiles of Al-p+ regions with 
(hollow symbols) and without (full symbols) additional 
rear side P diffusion. Differences in the doping profiles 
result from small variations of the printed Al amount. 
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gation of the P atoms into the rear Al-Si eutectic during 
alloying [7], the latter being afterwards removed by HCl 
etching. As a consequence, no P-related dip can be de-
tected in the electrochemical capacitance voltage (ECV) 
measurements of the Al-p+ doping profiles which are in 
good agreement, see Figure 9. In summary, the imple-
mentation of a both-sided P diffusion does not result  
in electrical losses and thus can be considered to be un-
critical. 

The comparison of the J0
Al-p+ values for alloying con-

ditions A and B shows that the adaption of the printing 
and firing conditions can lead to an enhancement of the 
open-circuit voltage. This is consistent with the increase 
in the thickness of the Al-p+ regions, enhancing the elec-
tron screening from the recombination active surface 
[10, 11]. 

Therefore the application of adapted alloying condi-
tions not only leads to an improved internal reflectance 
and avoids shunts, but can also raise the open-circuit 
voltage of our n-type Si solar cells. 
 
 
4 APPLICATION TO SOLAR CELLS 
 

In order to evaluate the simplified fabrication on so-
lar cell level, we fabricated large-area n-type Czochral-
ski-grown Si solar cells with Al-alloyed rear emitter [5], 
thereby applying both-sided texturing and both-sided 
phosphorous doping during the FSF diffusion. As the 
front side metallisation and the Al-p+ emitter were co-
fired, the alloying conditions were preset, resembling 
alloying conditions A, see section 2.1. Therefore, preced-
ing to Al screen-printing the rear texture was conditioned 
in KOH solution to round the pyramidal structures and 
avoid non-alloyed regions, see section 2.2.  

Benefiting from an improved front surface scheme, 
we could achieve a notably high solar cell efficiency of 
18.5 %. Thereby the fill factor value of 79.6 % proves 
the high junction quality, demonstrating the successful 
implementation of the processing simplification into the 
fabrication of our n-type solar cells.  
 
 
5 SUMMARY 
 

We have investigated the alloying of screen-printed 
Al  pastes on textured and phosphorous-diffused surfaces 
for a simplified and more flexible fabrication of our 
n-type Si solar cells with Al-p+ rear emitter. 

We demonstrate that on randomly textured surfaces 
the alloying conditions have to be chosen carefully to 
avoid emitter shunts in form of locally non-alloyed re-
gions. However, by adjusting the alloying conditions we 
achieve a much smoother surface featuring a non-shunted 
and homogeneous Al-p+ emitter, as the surface texture 
has completely been dissolved. For co-firing processes 
with preset alloying conditions we propose simple after-
treatment steps to effectively prevent shunts without 
causing significant processing changes. 

The application of adapted alloying conditions or 
simple after-treatment leads to an improved internal re-
flectance, promising a gain in the short-circuit current 
density. In addition, the increased Al-p+ thickness, that is 
associated with adapted alloying, can lead to a gain in the 
open-circuit voltage by decreasing the Al-p+ emitter satu-
ration current density. 

Furthermore, we show that overcompensation of 
P-doped surfaces by Al alloying is uncritical and does 
not result in electrical losses. In summary, we demon-
strate that Al alloying can be easily realised on textured 
and P-diffused surfaces.  

The results of this study can be used for a simplified 
and much more flexible fabrication of our large-area 
n-type solar cells with Al-alloyed rear emitter. This was 
demonstrated by achieving solar cell efficiencies of 
18.5 %, proving the successful implementation of the 
processing simplification on solar cell level. In addition 
to n-type Si solar cells, the results of this study are inter-
esting for applications to p-type Si solar cells with Al 
back surface field. 
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