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Introduction
Today, about 80% of silicon solar cells 
industrially manufactured worldwide 
apply screen printing for the deposition 
of the silver front and the full-area 
aluminium rear metal contacts, as shown 
in the schematic drawing in Fig. 1a. In 
production, conversion efficiencies 
of ~18–18.5% are demonstrated on 
monocrystalline silicon wafers [1]. Among 
other factors, two loss mechanisms limit 
the conversion efficiency of these cells: 

1) the silver front-side metallization 
with f inger widths of  ~90–100µm 
reflects about 7% of the incident solar 
radiation; and 2) the screen-printed 
full-area aluminium back-surface field 
(Al-BSF) exhibits only a moderate 
passivation quality, with typical rear-
surface recombination velocities (Seff,rear) 
ranging from 200 to 600cm/s [2,3]. In 
addition, only about 65% of the infrared 
light reaching the aluminium rear contact 
is reflected back into the silicon wafer [4].

To reduce the front-side shading loss, 
one promising approach is the print-
on-print (PoP) technique, in which 
the silver front contact is deposited in 
two consecutive screen-printing steps, 
resulting in a smaller finger width with a 
higher aspect ratio and hence increased 
conversion ef f ic iencies  [5–7].  The 
electrical and optical losses of the full-area 
Al-BSF on the rear side can be reduced by 
PERC (passivated emitter and rear cell) 
solar cell design, which is shown in the 
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schematic drawing in Fig. 1b. The PERC 
cell design has already been applied to 
laboratory-type silicon solar cells in 1989 
[8]. At the rear of the cell, a significantly 
improved surface passivation and optical 
reflectance is achieved by dielectric layers, 
such as SiO2 [9,10], SiNx [9], SiCx [11] 
and Al2O3 [12,13], compared to the full-
area Al-BSF. Fig. 2 shows recent record 

conversion efficiencies for industrial-
type (large-area wafers, screen-printed 
metallization) PERC p-type silicon solar 
cells, which improved from 19.1% in March 
2010 to 19.6% in April 2011 [14–19]. 

This paper presents a summary of recent 
results demonstrated at ISFH for screen-
printed rear-passivated PERC cells, with 
conversion efficiencies of up to 19.4% 

[16]. We describe our baseline process for 
screen-printed solar cells, provide details 
of the PoP silver front-side metallization 
and compare two different rear passivation 
layer stacks: SiO2/SiNx and Al2O3/SiNx. 

ISFH baseline process for 
screen-printed full-area Al-BSF 
silicon solar cells
At ISFH we have established a reference 
process for screen-printed silicon solar 
cells and consider it to be very similar to 
today ’s standard industrial processing 
sequence. Pseudo-square 125 × 125mm2 
2–3Ωcm p-type boron-doped Cz-silicon 
wafers with a starting thickness of 200µm 
are used in this process. After applying 
a KOH/IPA-based wet chemical surface 
texture, the n+-emitter is formed by POCl3 
diffusion with a sheet resistance Rsheet of 60 
to 70Ω/sq. The phosphorus silicate glass is 
removed by an HF etch. The front side is 
coated with an SiNx antireflective layer with 
a refractive index of 2.05 and a thickness of 
70nm. Afterwards, the Ag front contacts 
are screen printed using a DEK PVP1200 
printer, resulting in a finger width ~110µm 
(see Fig. 3b). The Al rear contact is full-area 
screen printed, and after each printing step, 
the pastes are dried in a belt furnace. The 
processing is completed by a co-firing step 
in a conveyor belt furnace, followed by the 
laser edge isolation.

The resulting standard screen-printed 
solar cells show conversion efficiencies η of 
up to 18.5%, as displayed in Table 1, cell A. 
On a larger number of identically processed 
standard screen-printed solar cells, the 
standard deviation of the conversion 
efficiency was determined to be ±0.1%. The 
small spread of the conversion efficiency 
allows statistically relevant experiments 
with a small number of solar cells, e.g. 5 or 
10 cells, per split group.

PoP silver front-side metallization
We significantly reduce the silver finger 
width by applying and optimizing the PoP 
process. In this case, the Ag front contact 
is deposited in two consecutive screen-
printing steps using a DEK PVP1200 

Cell	 Type	 Rear side	 Pitch [mm]	 Finger width [µm]	 η[%]	 Voc [mV]	 Jsc [mA/cm2]	 FF [%]	 Rs [Ωcm2]

A	 Ref.	 Al-BSF	 -	 110	 18.5	 633	 37.0	 79.2	 0.6

B1	 PoP	 Al-BSF	 -	 70	 18.9	 634	 37.4	 79.7	 0.6

B2	 PoP	 Al-BSF	 -	 70	 18.7*	 632	 37.1	 79.8	 0.6

C	 PERC	 Al2O3/SiNx	 1	 90	 19.0*	 652	 38.9	 75.1	 1.3

D	 PERC	 SiO2/SiNx	 2	 90	 19.4*	 664	 38.5	 75.8	 1.6

* independently confirmed by FhG-ISE CalLab

Table 1. Solar cell parameters measured under standard testing conditions. Cell A refers to a standard screen-printed solar cell with a 
full-area Al-BSF and single-printed Ag front contacts. Cells B1 and B2 received a PoP Ag front-side metallization with reduced finger 
width. Cells C and D apply a rear-side passivation of Al2O3/SiNx and SiO2/SiNx, respectively, in addition to the PoP Ag metallization.

Figure 2. Recent record conversion efficiencies [14–19] of screen-printed 
rear-passivated PERC solar cells, applying large-area monocrystalline p-type 
silicon wafers. As a reference, typical conversion efficiencies [1] of industrially 
manufactured monocrystalline silicon solar cells, with a screen-printed full-area 
Al-BSF are also indicated.

Figure 1. Schematic drawings of a) typical industrial screen-printed silicon solar 
cell with full-area Al-BSF, and b) PERC solar cell with dielectric rear passivation and 
screen-printed local aluminium contacts to the silicon base. The rear passivation 
layer typically consists of a passivation layer (yellow) and an SiNx capping layer (blue).
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printer. Both screens used in the two 
printing steps are mesh-type screens. 
In the first screen-printing step, an Ag 
paste Ag1 is applied, which is designed 
to establish a good contact resistance to 
the emitter. After drying, the second Ag 
screen-printing step follows, using an Ag 
paste Ag2 with low specific resistivity, in 
order to reduce the finger line resistance. 
The second print is completed again by a 
drying step. Both printing steps are highly 
accurately aligned towards the four edges 
of the silicon wafer by a vision camera 
system in the PVP1200 printer, which 
ensures ±12.5µm alignment accuracy at 6 
sigma and hence an excellent alignment of 
the second print on the first print.

“The PoP solar cells 
achieve conversion  

efficiencies of up to 18.9%.”
The resulting PoP Ag finger profile after 

firing is shown in the scanning electron 
microscope (SEM) cross section in Fig. 
3a. For comparison, a standard single-
printed Ag finger is given in Fig. 3b. The 
PoP process reduces the finger width to 
55µm while maintaining a similar finger 
height of 21µm. Optical-light microscope 
measurements reveal average finger widths 
of (70±5)µm (see cells B1 and B2 in Table 
1). The smaller finger width reduces the 
shadowing loss from 6.7% for single print, 
to 5.4% for PoP with 70µm finger width.

The PoP solar cells achieve conversion 
efficiencies of up to 18.9% (see cells B1 and 
B2 in Table 1). The value of Jsc increases by 
0.4mA/cm2 to 37.4mA/cm2, due to the 
reduced shadowing loss. In addition, the 
PoP cells show an excellent fill factor (FF) 
of up to 79.8% and a series resistance (Rs) 
of 0.6Ωcm2, which indicates that there 
is no issue regarding contact resistance 
or line resistance. Besides increasing the 
conversion efficiency, PoP also reduces the 
amount of Ag paste deposited on a solar 
cell by approximately 20–25%, which is 
important due to the high costs of Ag pastes.

Numerical simulation of 
screen-printed PERC solar cells
In order to estimate the efficiency potential 
of industrial-type solar cells with dielectric 
rear passivation, PC1D simulations 
are carried out assuming typical input 
parameters derived from the analysis of 
our screen-printed solar cells, e.g. a front-
side metallization shadowing loss of 6.7%, 
a 60Ω/sq emitter with a saturation current 
density of 230fA/cm2 and a bulk minority 
carrier lifetime of 400µs. The rear-surface 
recombination velocity Seff,rear and the 
internal reflectance Rrear at the rear of 
the cell are varied; both of these strongly 
influence the efficiency as shown in Fig. 
4. Whereas the full-area Al-BSF with 
Seff,rear = 400cm/s and Rrear = 65% limits 
the efficiency of typical industrial cells to 
~18.5%, PERC cells with dielectric rear 

passivation have the potential to achieve 
efficiencies η > 19.5% if Seff,rear < 100cm/s 
and Rrear > 90%.

Process sequence of screen-
printed PERC solar cells
Based on the process flow of the full-area 
Al-BSF solar cells described above, we 
have developed a process sequence that 
includes a passivation of the rear side of the 
cell by applying dielectric layer stacks. Full 
processing details are described in [16], 
but here only the most important process 
steps will be highlighted. Before texturing 
and phosphorus diffusion, a dielectric 
protection layer is deposited on the rear 
side of the solar cell, leaving the rear side 
planar and boron doped. Two different 
rear passivation layers are investigated: a 
10nm plasma-assisted ALD-Al2O3 layer 
[20] and a 10nm thermal SiO2 layer. The 
double-sided oxidation step for the PERC 
cells with SiO2 passivation affects the 
n+-emitter profile, leading to reduced 
emitter saturation currents [16,21]. A 
PECVD-SiNx layer is deposited on top of 
the passivation layer at the rear to improve 
both the optical reflectance and the surface 
passivation quality. The dielectric layer 
stacks at the rear are locally ablated by laser 
contact opening (LCO) in order to form 
local line openings. The approximately 
80µm-wide line openings are equidistantly 
spaced with a pitch of either 1mm or 2mm 
for cells C and D, respectively (see Table 1). 
Line openings are chosen instead of point 

Figure 4. PC1D simulation of the conversion efficiency η vs. the rear-surface 
recombination velocity Seff,rear for different internal rear reflectance values Rrear. 
Whereas the full-area Al-BSF of typical industrial-type silicon solar cells with 
Seff,rear = 400cm/s and Rrear = 65% limits the conversion efficiency to ~18.5%, screen-
printed PERC cells with dielectric rear passivation have the potential to achieve 
20% conversion efficiency.

Figure 3. SEM cross-section images of silver front-contact fingers after firing 
on fully processed solar cells, applying a) PoP screen printing, with finger width 
55µm and height 21µm, and b) standard single printing, with finger width 107µm 
and height 24µm.
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contacts, since line openings facilitate the 
formation of a deep and uniform local 
Al-BSF [22].

The Ag front contacts are deposited 
by the same PoP screen-printing process 
as described in the previous section. 
However, for the rear-passivated cells, 
the Ag finger width is ~90µm instead of 
70µm, which might be partly caused by the 
increased reflectance of the rear side of the 
wafer, reducing the wafer edge alignment 
accuracy of the PVP1200 printer. However, 
this is still subject to further analysis and 
optimization. The first PoP evaluations on 
PERC cells applying a DEK Eclipse printer 

show very promising results. The Al rear 
contact is formed by standard full-area 
Al screen printing. We apply an Al paste 
Al2, designed for local contacts for the 
PERC cells C and D, as compared to the 
standard paste Al1, used for the cells A and 
B in Table 1. In [23], we show that the paste 
Al2 achieves a deeper and more uniform 
local Al-BSF, resulting in significantly 
lower surface recombination velocities. 
The laser edge isolation is not required for 
PERC cells C and D, since only the front 
side is phosphorus doped. Fig. 5 shows 
photographs of the front and rear sides of 
the final cell. The contact lines on the rear 

side of the cell as well as the passivation 
layer are clearly visible.

“Screen-printed PERC cells 
with dielectric rear passivation 

have the potential to achieve 
20% conversion efficiency.”

The SEM cross section of the PERC 
solar cell in Fig. 6 shows the local Al 
contact at the rear, with a uniform Al-BSF 
above the Al-Si eutectic layer. The Ag 
finger is approximately 90µm wide, 
and the local Al contact has a width 
of approximately 140µm. (The cross 
section has been taken along the <110> 
crystallographic orientation at an angle 
of 45 degrees with respect to the Ag 
fingers and local line contacts at the rear. 
Accordingly, the horizontal dimensions 
of the finger width and the line contact 
width deduced from this image have to be 
divided by √2.)

IV and IQE analysis of screen-
printed PERC cells
Tab l e  1  sh o w s  th e  m e a su re d  cel l 
parameters of the PERC solar cells C 
and D with Al2O3/SiNx and with SiO2/
SiNx rear passivation stacks. The PERC 
cells are measured after deactivation of 
boron-oxygen-related recombination 
by simultaneously annealing for 6 hours 
at 140°C and illuminating with white 
light [24,25]. PERC solar cells C and 
D achieve independently confirmed 
conversion efficiencies of 19.0% and 
19.4%, respectively. Both PERC solar cells 
show a noticeable improvement in Jsc of 
up to 38.9mA/cm2. Moreover, the SiO2/
SiNx-passivated PERC cell D shows a 
significantly improved open-circuit voltage 
Voc of 664mV, which is attributable to 
the changed emitter profile as described 

Figure 6. SEM cross-section image of 
a screen-printed, rear-side-passivated 
PERC solar cell with local line 
contacts on the rear side. Horizontal 
dimensions of the finger width and the 
line contact width deduced from this 
image have to be divided by √2, due to 
the 45-degree cross-section angle.

Figure 7. Comparison of IQE and reflectance between PERC solar cells with Al2O3/
SiNx (cell C in Table 1) and SiO2/SiNx (cell D) passivation stacks at the rear and a 
full-area Al-BSF reference cell (B2). 

Figure 5. Photographs of the front and rear sides of a PERC solar cell with 19.4% 
conversion efficiency. Whereas the front side is very similar to a standard screen-
printed solar cell, the rear side shows the dielectric passivation layer and the local 
line contacts.



above. However, the FF of ~75% for the PERC solar cells is much 
lower compared to the FF of 79.8% for the reference cell B2. The 
decreased FF is caused by a considerably increased series resistance 
from 0.6Ωcm2 for the full Al-BSF reference cells, to 1.3Ωcm2 and 
1.6Ωcm2 for the PERC cells C and D, respectively. The analysis 
and investigation [26] reveals that, in particular, a relatively high 
specific contact resistance of 55mΩcm2 of the local screen-printed 
Al contacts is the cause of the marked increase in series resistance 
and hence the reduced FF. This is subject to further analysis and 
optimization.

The reflectance and internal quantum efficiency (IQE) of PERC 
and Al-BSF solar cells are shown in Fig. 7. In the long-wavelength 
region λ > 900nm, the dielectric rear-surface passivation significantly 
improves the reflectance and the IQE. With analytical modelling, 
we obtain Seff,rear = (70±30)cm/s for PERC cell C and Seff,rear = (80±30)
cm/s for PERC cell D, compared to the full-area Al-BSF solar cell 
B2 with Seff,rear of (350±100)cm/s. In the short-wavelength region λ 
< 500nm, the SiO2/SiNx-passivated PERC cell D shows the highest 
IQE, due to the changed emitter doping profile (Rsheet = 80Ω/sq), as 
compared to the Al2O3/SiNx-passivated PERC cell (Rsheet = 70Ω/sq) 
and the full-area Al-BSF reference cell (Rsheet = 55Ω/sq).

The reduced surface recombination velocities at the rear contribute 
to the improvement in Voc shown in Table 1 for the PERC cells. The 
increase in Jsc of up to 1.5mA/cm2 is due to the excellent rear-surface 
passivation, combined with an improvement of the internal rear 
reflectance from 61% to 89% and 91%, respectively. 

Conclusions and outlook
Based on a solar cell process that is very similar to today’s industrially 
manufactured full-area Al-BSF screen-printed solar cells, we have 
shown that the PoP silver front-side metallization reduces the finger 
width to 70µm and minimizes the shadowing loss to 5.4%, which 
increases the conversion efficiency to 18.9%. The implementation 
of a dielectric rear passivation greatly reduces the rear-surface 
recombination velocity Seff,rear to 70cm/s for Al2O3/SiNx and 80cm/s 
for SiO2/SiNx. Additionally, the dielectric layers significantly increase 
the internal reflectance to 91%, which results in independently 
confirmed increased conversion efficiencies to 19.4% for large-area 
silicon solar cells metallized by screen printing. The conversion 
efficiency is mainly limited by a relatively low fill factor of 75.8% 
due to a high specific contact resistance of ~55mΩcm2 of the local 
Al contacts. Future improvements of the screen-printed local Al 
contact formation should enable conversion efficiencies close to 20%. 
The implementation of a selective emitter into the PERC cell, as well 
as a reduction of the Ag finger width to 70µm, represent additional 
opportunities to further increase the conversion efficiency. 
Accordingly, the results presented in this paper show the potential 
of large-area screen-printed PERC solar cells to achieve conversion 
efficiencies exceeding 20%. 
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