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ABSTRACT 

 
Aluminum-doped p-type (Al-p+) silicon emitters 

fabricated by means of screen-printing and firing are 
effectively passivated by plasma-enhanced chemical-
vapor deposited (PECVD) amorphous silicon (a-Si) and 
atomic-layer-deposited (ALD) aluminum oxide (Al2O3) as 
well as Al2O3/SiNx stacks, where the silicon nitride (SiNx) 
layer is deposited by PECVD. While the a-Si passivation 
of the Al-p+ emitter results in an emitter saturation 
current density J0e of 246 fA/cm2, the Al2O3/SiNx double 
layers result in emitter saturation current densities as 
low as 160 fA/cm2, which is the lowest J0e reported so 
far for screen-printed Al-doped p+ emitters. Moreover, 
the Al2O3 as well as the Al2O3/SiNx stacks show an 
excellent stability during firing in a conveyor belt furnace 
at 900°C. We implement our newly developed 
passivated Al-p+ emitter into an n+np+ solar cell 
structure, the so-called ALU+ cell. An independently 
confirmed conversion efficiency of 20% is achieved on 
an aperture cell area of 4 cm2, clearly demonstrating the 
high-efficiency potential of our ALU+ cell concept. 

 
 

INTRODUCTION 
 
For solar cells where n-type Czochralski-grown (CZ) 

silicon bulk material is used, a p+-emitter is needed for 
the formation of the pn-junction. This p+-region can e.g. 
be formed by a high-temperature boron-diffusion or 
simple a screen-printing process, where Al-paste is 
screen-printed on the Si wafer and subsequently fired in 
a conveyor belt furnace, resulting in an Al-p+ emitter. 
The high-temperature p+ boron-diffusion has in the past 
mainly been used for the fabrication of high-efficiency 
laboratory solar cells, because it is technologically more 
demanding and tends to induce crystallographic defects 
in the bulk material degrading its recombination lifetime 
[1,2]. On the other hand, there is a simple screen-
printing-based process for the formation of the p+-region 
which is mainly used for the formation of back surface 
fields (BSFs) on industrial p-type crystalline silicon solar 
cells [3,4] and as Al-p+ rear emitter on n-type crystalline 
silicon solar cells [5]. However, the full-area metallization 
of the screen-printed Al-p+ emitter causes a relatively 
high emitter surface recombination velocity which limits 
the solar cell conversion efficiency. To overcome this 
limiting factor our ALU+ n-type silicon solar cell concept 
is based on a surface-passivated screen-printed Al-p+ 
emitter [6].  

 
PASSIVATED Al-p+ EMITTERS 

 
In this contribution, we determine the emitter 

saturation current density J0e of passivated aluminum-
doped p+ emitters.  

 
 

Fig. 1. (a) SEM micrograph of a cross section of a 
screen-printed Al-p+ emitter. The Al-p+ region is clearly 
visible as brighter contrast beneath the residual Al paste 
[7]. (b) SEM tilted plan-view image of an Al-p+ Si surface 
after the residual Al-paste and the Al-Si eutectic have 
been removed. AI-rich surface structures appear as 
bright contrast. (c) Cross-sectional TEM bright-field 
image of one individual surface structure. Positions of 
Al-rich material covered by a thin Si layer are marked 
with arrows [8]. 
 

For this purpose we fabricate asymmetric test 
structures using single-crystalline shiny-etched (100)-
oriented 300 µm thick p-type float-zone (FZ) silicon 
wafers of 200 Ωcm resistivity, where first one side of the 
wafer is passivated with PECVD-SiNx and second, on 
the other wafer surface, the p+-emitter is prepared by 
applying a conventional screen-printing process. 
Subsequently, the samples undergo a firing process in 
an infrared conveyor belt furnace at 900°C for 13 s. In 



order to passivate the Al-p+ emitter surface, the residues 
of the aluminum paste and the aluminum-silicon eutectic 
are removed from the Al-p+ region in an HCl solution. 

 
Figure 1(a) shows a cross-sectional scanning 

electron microscopy (SEM) image of a screen-printed 
Al-p+ sample obtained from an ultra-high resolution 
Hitachi S-4800 field emission SEM. The Al-doped p+-
region appears brighter than the high-resistivity bulk of 
the silicon wafer due to the potential contrast [9]. From 
this picture we determine the Al-p+ depth to be 8 ± 1 µm. 
Figure 1(b) shows a tilted plan view SEM image of the 
Al-p+ surface after the residual Al paste and the Al-Si 
eutectic have been removed in boiling 37% HCl solution. 
Surface islands appear as bright contrast on top of the 
dark Al-p+ surface. The typical lateral dimension of the 
islands is in the range between 1 and 3 µm. Figure 1(c) 
shows a cross-sectional TEM bright field image of an 
island, prepared by the focused ion beam method. From 
this image no defects such as dislocations or grain 
boundaries or other crystallographic defects can be 
found within the bulk of the island. The island is 
completely defect-free and of the same crystallographic 
orientation as the Al-p+ bulk and thus epitaxially grown. 
An EDX elemental mapping as well as detailed EDX line 
scans (not shown here) of the surface island as depicted 
in Fig. 1 (c) show an increased Al signal below a Si 
signal at the arrow marked positions of the island. This 
finding leads to the conclusion that Al-rich material is 
covered by a thin Si layer at these positions [8]. 
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Fig. 2. Doping profiles of the same screen-printed Al-p+ 

sample. Comparison of the doping profile before and 
after KOH etching step, measured by the ECV method. 
During the etching, the Al-rich structures are removed 
from the surface. The doping profile after etching shows 
no concentration peak at the surface. 
 

Figure 2 shows the measured doping profile of the 
Al-p+ region obtained by the electrochemical 
capacitance voltage (ECV) profiling technique with the 
aid of a WEP CVP21 ECV profiler. The doping profile of 
the screen-printed Al-p+ region shows a pronounced 
peak close to the surface that originates from residual 
aluminum-rich islands on the surface which are covered 
by a thin Si-layer and thus are not effectively removed 
during the HCl etching of the Al-paste and the Al-Si 
eutectic [8, 10]. The islands and thus the concentration 
peak is removed in a KOH solution at 70°C. In this 
etching step, 3 µm of the 8 ± 1 µm thick Al-p+ region are 

removed, which is demonstrated in Fig. 2 by ECV 
measurements taken before and after KOH etching. The 
emitter thickness after KOH etching was additionally 
determined from SEM micrographs (not shown here) at 
different sample positions to be 5 ± 1 µm, indicating that 
the Al-p+ emitter is completely closed after etching. The 
sheet resistance is determined from four-point-probe 
measurements to be 50 Ω/□ for the 8 µm deep emitter 
and to be 70 Ω/□ for the 5 µm deep Al-p+ emitter. 

After the removal of the concentration peak we use 
single-layer PECVD a-Si and ALD-Al2O3 as well as 
Al2O3/SiNx stacks to passivate our samples. We deposit 
a 20 nm thick PECVD a-Si layer at 225°C in a 
Plasmalab 80 PECVD reactor from Oxford Instruments. 
The 30 nm ALD-Al2O3 films are deposited by alternating 
Al(CH3)3 dosing and O2 plasma exposure in a remote-
plasma ALD-reactor (Oxford Instruments FlexAL™) at a 
substrate temperature of 200°C [11]. From 255 cycles of 
4 s each we obtain 30 nm thick Al2O3 films as 
determined by in situ spectroscopic ellipsometry. 
Subsequently, the samples received a 30 min annealing 
at 425°C in N2 atmosphere.  

 

 
 

Fig. 3. Tilted cross-sectional SEM image of an Al-p+ 
emitter passivated by an Al2O3/SiNx stack.  

 
The Al2O3/SiNx stack was prepared using a 60 nm 

thick PECVD-SiNx capping layer with a refractive index n 
= 2.1 deposited at 400°C on top of the 30 nm thick Al2O3 
layer.  

Figure 3 shows a tilted cross-sectional SEM image of 
an Al-p+ emitter passivated by an Al2O3/SiNx stack 
where the Al2O3 layer appears as bright contrast in-
between the Al-p+ emitter benath and the PECVD-SiNx 
capping layer on top of it. 

The emitter saturation current densities J0e are 
measured before and after firing in a conveyor belt 
furnace at 900°C for 13 s. Emitter saturation current 
densities J0e are obtained from transient 
photoconductance decay (PCD) carrier lifetime 
measurements using a WCT-100 lifetime tester from 
Sinton Consulting according to the following equation 
[12]: 
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Fig. 4. Measured inverse effective lifetime 1/τeff as a 
function of the excess carrier density ∆n. The substrate 
is a 200 Ωcm FZ Si wafer of 300 µm thickness. The Al-
p+ region covers only one side of the wafer, the other 
surface is well passivated by SiNx. (a) a-Si-passivated 
[7], (b) Al2O3-passivated, and (c) Al2O3/SiNx-passivated 
Al-p+. 

where W is the wafer thickness and ni = 1 × 1010 cm-3 is 
the intrinsic carrier concentration of silicon at 300 K. It is 
assumed that the excess carrier concentration ∆n is 
uniform throughout the base, which is not strictly valid 
for large surface recombination velocities. Due to the 
given asymmetry between the front and the rear side of 

the sample the emitter saturation current density tends 
to be underestimated up to 10% for the worst-case 
scenario [13]. Due to the high substrate resistivity of 200 
Ωcm, all lifetime measurements in this study are 
performed under high-injection conditions. 
 

Figures 4 (a-c) show the measured inverse effective 
lifetime 1/τeff as a function of the injection density ∆n 
measured on the a-Si-, the Al2O3-, and Al2O3/SiNx-
passivated samples. We measure a J0e of 800 ± 200 
fA/cm2 for an unpassivated Al-p+ emitter. After the 
emitter surface has been passivated by an a-Si film [Fig. 
4 (a)] the J0e decreases to 490 ± 120 fA/cm2. Annealing 
at 300°C for 10 min further reduces J0e to 246 ± 60 
fA/cm2 [7]. The Al2O3-passivated Al-p+ emitter [Fig. 4 (b)] 
exhibits a J0e of 206 ± 40 fA/cm2 and a J0e of 265 ± 50 
fA/cm2 after the sample has been fired at 900°C for 13 s. 
On the samples passivated by Al2O3/SiNx double layers 
[Fig. 4 (c)]  we measure J0e values as low as 160 ± 120 
fA/cm2 (corresponding to a VOC limit of 682 mV), which 
is the lowest J0e value reported so far for screen-printed 
Al-p+ region on silicon. A still remarkably low J0e of 228 ± 
45 fA/cm2 (corresponding to a VOC limit of  
672 mV) is measured after a high-temperature firing 
step has been applied to the sample passivated by the 
Al2O3/SiNx double layer, which enables an industrial 
application of the Al2O3/SiNx double layer due to its 
excellent stability under firing conditions. 

 

THE ALU+ CELL CONCEPT 
 

Figure 5 shows two possible realizations of an ALU+ 
cell with surface-passivated screen-printed Al-p+ rear 
emitter [6]. The a-Si surface passivation is applied to the 
rear side of the cell with a locally evaporated contact grid 
[Fig. 5 (a)] and a full-area metallized emitter featuring 
local point contact openings [Fig. 5 (b)]. As base 
material we use (100)-oriented phosphorus-doped 
Czochralski-grown silicon wafers with a thickness of 
~190 µm and a resistivity of ~3 Ωcm. After growing a 
220 nm thick thermal oxide on both wafer surfaces, 2×2 
cm2 diffusion windows are opened on the front by means 
of photolithography and random pyramids are formed 
within the opened windows using a KOH/isopropanol 
solution. Afterwards, we perform a phosphorus diffusion 
in the diffusion windows at the front, resulting in an n+ 
region, which subsequently undergoes a wet oxidation. 
Two different FSF-diffusions have been applied to the 
cells resulting in a sheet resistance of 40 Ω/□ and 100 
Ω/□, respectively. After the wet oxidation at 850°C we 
finally obtain sheet resistances of 120 Ω/□ and 250 Ω/□, 
respectively. During this oxidation the phosphorus 
concentration peak is mostly oxidized, resulting in an n+ 
front surface field (FSF) with an easy-to-passivate low 
surface doping concentration of 7×1019 and 3×1019 cm-3, 
respectively. Subsequently, the remaining oxide is 
removed from the wafer surface by means of a short HF 
dip and the textured front side is covered by a 200 nm 
SiNx layer to protect the front surface from etching 
during the later back-etching procedure of the rear 
emitter.  
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Fig. 5. Two realizations of the ALU+ cell concept 
featuring a screen-printed Al-p+ emitter passivated with 
a thin a-Si layer. (a) Evaporated Al-grid on the a-Si 
passivated rear emitter [6], (b) full-area metallized a-Si 
passivated emitter with local point contacts.  

 
After screen-printing and firing of the Al-p+ rear 

emitter, the residual Al paste and the Al-Si eutectic are 
removed in a boiling 37% solution of HCl and the Al-p+ 
emitter is etched back by 2-3 µm in a KOH solution at 
70°C. The protective SiNx coating is removed from the 
front side and the wafer undergoes a further wet 
chemical cleaning before the emitter surface is 
passivated by a 20 nm thick a-Si layer deposited by 
means of PECVD at 225°C. Than, on one cell type we 
evaporate rear contact grids through shadow masks with 
metallization fractions of ~4% (finger spacing 2 mm) and 
of ~ 6% (finger spacing 1 mm) respectively [Fig. 5 (a)]. 
The other cell type received a 200 nm thick PECVD-
SiO2 layer at the rear side where the rear contact points 
are opened photolithographically. After local contact 
opening, a full-area Al layer is evaporated on the rear 
side [Fig. 5 (b)]. For both cell types an Al front contact 
grid is evaporated through a shadow mask with a 
metallization fraction of ~3%. As the last process step, 
the SiNx antireflection coating is deposited onto the front 
of all solar cells. During the SiNx deposition at 400°C the 
a-Si underneath the Al contacts dissolves and the Al at 
the rear contacts the Al-p+ emitter [14]. 
 

RESULTS 
 

The one-sun performance of the processed ALU+ n-
type solar cells featuring the a-Si passivated Al-p+ 
emitter is shown in Table 1. Cells P01 and P25 feature 
evaporated Al-grids at the rear and an n+ FSF of  
120 Ω/□ and 250 Ω/□, respectively [Fig. 5 (a)]. Cell P15 
corresponds to the full-area rear metallization and point-
contact openings at the rear and an n+ FSF of 250 Ω/□ 
[Fig. 5 (b)].    

 

Table 1 ALU+ solar cell parameters measured under 
standard testing conditions (AM1.5G, 100 mW/cm2, 
25°C). Cells P01 and P25 correspond to Figs. 5 (a) and 
Cell P15 corresponds to Fig. 5 (b). The aperture cell 
area is 4 cm2. 

Cell ID Voc 
[mV] 

Jsc 
[mA/cm2] 

FF 
[%] 

η 
[%] 

P01 649 39.1 77.5 19.7* [15] 
P25 636 39.5 79.5 20.0* 

P15 639 39.9 77.2 19.7* 
* independently confirmed at Fraunhofer ISE CalLab 
 

We achieve open-circuit voltages Voc up to 649 mV 
demonstrating the excellent emitter quality and the 
effective surface passivation of the Al-p+ emitter. The 
highest Voc achieved for n-type solar cells with full-area 
metallized Al-p+ emitter in the past was Voc = 627 mV 
[16]. Note that more recently, a Voc of 645 mV has been 
reported for n-type Si solar cells featuring an a-Si-
passivated Al-p+ emitter using 10 Ωcm n-type float-zone 
material [17]. The corresponding cell efficiency was 
19.5%. In the literature, an ultimate Voc limit of 641 mV 
has been estimated for full-area screen-printed Al-p+ 

emitters [18]. Our newly developed surface-passivated 
Al-p+ emitter clearly outperforms this Voc limit. 

The very high short-circuit current density of our cells 
is in the range of Jsc = 39.1 – 39.9 mA/cm2, which 

confirms a very effective minority-carrier diffusion to the 
rear junction. For our best cell (see Table 1, cell P25) an 
energy conversion efficiency of 20.0% has been 
obtained, which was independently confirmed at 
Fraunhofer ISE CalLab, Freiburg, Germany. This is the 
highest efficiency attained so far for n-type Cz silicon 
solar cells featuring an a-Si passivated screen-printed 
Al-p+ emitter. The solar cell with local contact openings 
and a full-area metallization at the emitter surface 
reaches an independently confirmed cell efficiency of 
19.7 % (see Table 1, cell P15) and a very high short 
circuit current density of 39.9 mA/cm2, which is due to 
the increased reflection at the rear of the cell.  

Fig. 6. Comparison of the internal quantum efficiency of 
a “standard” n-type solar cell with a fully metallized 
screen-printed rear Al-p+ emitter at and an ALU+ solar 
cell with an a-Si-passivated screen-printed Al-p+ rear 
emitter. 
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Figure 6 shows the internal quantum efficiency (IQE) 

calculated from the external quantum efficiency 
measured at 1/3 sun bias light intensity and the 
measured reflectance data of a standard n-type solar 
cell with a fully metallized Al-p+ rear emitter and in 
comparison the IQE of an ALU+ solar cell featuring an a-
Si passivated Al-p+ emitter and an optimized front side. 
High IQE values above 0.95 are achieved at λ = 500 − 
900 nm for both solar cells. The ALU+ cell shows an 
increased IQE at λ > 950 nm due to the a-Si passivated 
Al-p+ emitter surface. Also a significantly higher IQE is 
obtained for the ALU+ cell at λ < 500 nm which can be 
explained by lower surface recombination at the front 
side due to the 250 Ω/□ n+ FSF with an easy-to-
passivate low surface doping concentration of 3×1019 
cm-3  [19]. 
 

 
 

Fig. 7. (a) Electroluminescence (EL) image at an applied 
voltage Vappl. of 646 mV of an ALU+ solar cell with a non-
optimized metallization grid on the rear showing a 
decreased EL signal between the metallization fingers 
due to series resistance problems. (b) 
Electroluminescence image at an applied voltage Vappl. 
of 644 mV of a solar cell with an optimized metallization 
grid at the rear side showing a homogeneous EL signal. 
  
Figure 7 (a) shows an electroluminescence (EL) image 
at an applied voltage Vappl. of 646 mV of a ALU+ solar 
cell with a non-optimized metallization grid at the Al-p+ 
emitter surface with a finger spacing of 2 mm 
(corresponding cell P01 from Table 1). The large fraction 
of well-passivated emitter surface results in a high Voc of 
649 mV, whereas the EL-signal drops significantly 
between the fingers due to a high series resistance. This 
results in a low fill factor FF of 77%. In comparison to 
that, Fig. 7 (b) shows an electroluminescence image at 
an applied voltage Vappl. of 644 mV of a solar cell with an 
optimized metallization grid at the Al-p+ emitter surface 
with a finger spacing of 1 mm (corresponding to cell P25 
from Table 1). A homogenous EL signal throughout the 
cell area can be observed. Due to the higher fraction of 
metallized emitter surface and thus increased 
recombination, a reduced Voc of 640 mV is obtained. 
The optimized contact-grid geometry results, however, 
in an increased fill-factor FF of 79.5% and a record-high 
efficiency of η=20.0%.    
 

 
CONCLUSIONS 

 
Using carrier lifetime measurements we have shown  

that screen-printed Al-p+ emitters can be effectively 
passivated by thin layers of amorphous silicon deposited 

by PECVD as well as by atomic-layer-deposited 
aluminum oxide. Al2O3/SiNx stacks led to the lowest 
emitter saturation current densities of J0e = 160 fA/cm2 
achieved so far on screen-printed Al-p+ emitters. Even 
more important is the finding that the passivation quality 
of Al2O3 films as well as Al2O3/SiNx stacks show an 
excellent stability during firing at 900°C. 
 We have demonstrated the high potential of n+np+  
ALU+ solar cells by implementing an a-Si passivation to 
a screen-printed aluminum-alloyed rear p+ emitter. For 
our best cell an independently confirmed efficiency of 
20.0 % is obtained on n-type Czochralski-grown silicon 
material. This is the highest efficiency reported so far for 
an n-type Cz-Si solar cell featuring an easy-to-fabricate 
screen-printed a-Si-passivated rear-side Al-p+ emitter. 
Our results suggest that the efficiency potential of 
screen-printed solar cells on n-type silicon has been 
strongly underestimated in the past. 
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