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Introduction
Industrial crystalline sillicon solar cells 
typically feature a full-area aluminium (Al) 
back-surface field (BSF) at the rear. This 
provides an ohmic contact and a moderate 
rear-surface passivation, with effective 
rear-surface recombination velocities Srear 
ranging from 400 to 600cm/s on 2–4Ωcm 
p-type silicon. In order to increase cell 
efficiency, the passivation quality and the 
internal reflectivity at the rear need to be 
improved. These two requirements are 
fulfilled in the passivated emitter and rear 
solar cell (PERC) concept [1], which is 
schematically shown in Fig. 1(a).

“In order to increase cell 
efficiency, the passivation 

quality and the internal 
reflectivity at the rear need  

to be improved.”
  
In the PERC approach, screen-printed 

Al paste is deposited on the complete rear 
surface on top of locally opened dielectric 
rear-surface passivation layers. During 
a co-firing step in an industrial infrared 
beltline furnace, not only is a local BSF 
formed in the opened areas, but also the 
homogeneous phosphorous-doped emitter 
at the front is contacted by a screen-
printed silver (Ag) paste. A thermally 

grown silicon dioxide layer exhibits an 
excellent firing-stable surface passivation. 
However, the low-throughput furnace 
process is disadvantageous for industrial 
applications. The described PERC process 
imposes some additional requirements on 
the passivation system at the rear:

•	 Thermal stability of surface passivation in 
order to withstand the high-temperature 
co-firing step

•	 High optical reflectivity in the infrared 
wavelength range

•	 No parasitic shunting at the rear 
contacts [2]

The one-dimensional device simulation 
[3] depicted in Fig. 1(b) shows that the 
effective surface recombination velocity 
in the passivated regions Spass has a strong 
impact on the solar cell efficiency η. The 
surface recombination velocity in the 
metallized regions Smet is around 600cm/s 
[4]. In order to improve the conversion 
efficiency of about 18.5% for conventional 
solar cells with a full-area Al-BSF, it is 
essential to provide a passivation featuring 
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Abstract
In the photovoltaics industry, contacts to crystalline silicon are typically formed by the firing of screen-printed metal 
pastes. However, the stability of dielectric surface passivation layers during the high-temperature contact formation has 
turned out to be a major challenge for some of the best passivating layers, such as intrinsic amorphous silicon. Capping 
of well-passivating dielectric layers by hydrogen-rich silicon nitride (SiNx), however, has been demonstrated to improve 
the thermal stability, an effect which can be attributed to the atomic hydrogen (H) diffusing out to the interface during 
firing, and passivating dangling bonds. This paper presents the results of investigations into the influence of two different 
dielectric passivation stacks on the firing stability, namely SiNy/SiNx (y < x) and Al2O3/SiNx stacks. Excellent firing 
stability was demonstrated for both stack systems. Effective surface recombination velocities of < 10cm/s were measured 
after a conventional co firing process on 1.5Ωcm p-type float-zone silicon wafers for both passivation schemes. On 
the solar cell level, however, better results were obtained using the Al2O3/SiNx stack, where an efficiency of 19.6% was 
achieved for a large-area screen-printed solar cell fabricated on conventional Czochralski-grown silicon.

This paper first appeared in the fifteenth print edition of the Photovoltaics International journal, published in February 2012.

Figure 1. (a) Schematic of a PERC solar cell applying screen-printed Ag front 
and Al rear contacts with local openings in the passivation stack. The electrical 
quality of the rear is characterized by the effective surface recombination velocity 
Srear, which is influenced by the surface recombination velocities in the dielectric 
passivated areas Spass and in the metallized contact areas Smet. (b) PC1D simulation 
of the energy conversion efficiency as a function of Spass for a PERC solar cell on 
boron-doped Cz-silicon with a resistivity of 2.1Ωcm.
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Spass values below 100cm/s. However, 
the simulation reveals a saturation of the 
possible conversion efficiency at around 
19.5% for Spass values under 20cm/s.

Because of the high throughput, the 
pla sma-enhance d chemic al  v ap our 
deposition (PECVD) technique for the 
surface passivation offers the possibility of 
reducing costs. For silicon nitride (SiNx) 
layers, the surface passivation quality 
and firing stability are highly dependent 
on the composition and therefore on the 
refractive index n of the dielectric [5,6]. 
A value of n ≈ 2.5 results in low effective 
surface recombination velocities Spass for 
the as-deposited state, whereas a layer with 
n ≈ 2.05 performs best after a firing step 
in the temperature range of 800 to 900°C 
[7]. The latter configuration is used, for 
example, with conventional screen-printed 
solar cells for passivating the phosphorus-
diffused emitter at the front [6]. The 
passivation of these SiNx films, deposited 
in an NH3-rich gas mixture, relies mainly 
on the field-effect passivation provided by 
a high density of fixed positive charges in 
the insulating SiNx films [8]. Additionally, 
the surfaces are passivated by atomic 
hydrogen (H) released from the precursor 
gases during the PECVD deposition. 
However, parasitic shunting between 
the back contacts and the inversion layer 
underneath the SiNx interface has been 
found to degrade the cell performance for 
p-type surfaces [2].

Intrinsic amorphous silicon (a-Si) films 
deposited on crystalline silicon exhibit 
only small, if any, charge densities and 
therefore do not cause parasitic shunting 
[9]. If the dangling bonds at the interface 
are saturated with hydrogen which is 
released during PEC VD deposition, 
these a-Si films provide the same low Spass 
values as thermally grown SiO2 [10–14]. 
But applying temperatures above 400°C 
severely deteriorates the passivation 
quality [15]. Depositing a SiNx capping 
layer with nSiNx ≈ 2.05 on top of the a-Si 
layer not only protects the a-Si layer from 
the Al rear metallization but also improves 
the thermal stability of the surface 
passivation [14,16,17]. However, the a-Si/
SiNx stacks were shown to be stable only 
for firing temperatures T ≤ 750°C. When 
standard firing temperatures between 
800 and 900°C are applied, the surface 
passivation severely deteriorates. In this 
paper, it is shown that the addition of 
small amounts of nitrogen to the a-Si layer, 
resulting in SiNy/SiNx stacks with y < x, 
improves the firing stability of the stacks 
significantly.

Another dielectric layer which provides 
an excellent level of surface passivation is 
aluminium oxide (Al2O3). With laboratory 
PERC cells, Al2O3 has been demonstrated 
to prevent any parasitic shunting because 
of its high negative fixed charge density 
that is responsible for the excellent 

field-effect passivation [18]. During 
firing, however, the high level of surface 
passivation provided by single Al2O3 layers 
deteriorates, an effect which is attributed 
to a release of interfacial hydrogen. It has 
recently been shown that the firing stability 
is significantly improved for Al2O3/SiNx 
stacks compared to single layers of Al2O3 
[19,20]. In the present paper, both types of 
industrially-relevant passivation stacks – 
SiNy/SiNx and Al2O3/SiNx – are directly 
compared on the basis of lifetime as well as 
solar cell results. 

SiNy/SiNx passivation stacks
The influence of SiNy/SiNx passivation 
stacks on the firing stability with a silicon-
rich SiNy passivation layer and a nitrogen-
rich SiNx capping layer is investigated. 
The main idea is to increase the thermal 
stability of the surface passivation by 
supplying minor amounts of NH3 during 
the a-Si deposition in order to reduce 
hydrogen effusion during a conventional 
screen-printing firing process. Moreover, 
it is known that the positive charge density, 
responsible for the parasitic shunting, is 
substantially reduced if the nitrogen content 
of the amorphous film is low [21,22].

In SiNy, hydrogen is bonded in an 
amorphous sil icon nitride network . 
Thermally stimulated hydrogen diffuses 
out of the PECVD layers, and is therefore 
no longer available for passivating the 
sil icon surface. This was shown by 
hydrogen effusion experiments [23], 
which revealed information about the 
hydrogen content and the thermal stability 
of hydrogen bonds. During effusion our 
samples are annealed in vacuum with a 
heating rate of 20K/min. Hydrogen atoms 
and molecules that diffuse out of the 
PECVD layers are detected in real time 
by means of a mass spectrograph. For 
an a-Si single layer, a hydrogen effusion 

peak at a characteristic temperature (ϑeff) 
is expected, which is a measure of the 
thermal stability of the hydrogen in the  
a- Si layer.

Fig. 2(a) shows measured effusion 
rates for various passivation layers. The 
hydrogen effusion rate of an a-Si single 
layer starts to increase at temperatures of 
about 300°C and reveals a peak at ϑeff, the 
characteristic effusion temperature, equal 
to 495°C. For the SiNy single layer with n 
= 3.6 the temperature at which hydrogen 
effusion starts and the value of ϑeff have 
both increased. When a 100nm-thick 
SiNx capping layer is deposited on top 
of the SiNy layer, the bend in the curve 
of the effusion rate at ϑeff ≈ 630°C can be 
attributed to the hydrogen diffusing out of 
the SiNy passivation layer. Effusion peaks at 
temperatures of approximately 800°C and 
1000°C are found to be typical for the SiNx 
capping layer.

Fig. 2(b) shows ϑeff for single and 
double passivation layers as a function 
of the real part of the refractive index n 
of the 10nm-thick passivation layers. ϑeff 
decreases continuously from 550°C for 
SiNy single layers (n = 3.48) to 495°C for 
an a-Si single layer (n = 4.16). The diffusing 
out of hydrogen is reduced because of the 
presence of nitrogen. It is concluded from 
FTIR measurements that this is due to 
the larger bonding strength of hydrogen 
with an increasing concentration of Si-N 
back bonds (as demonstrated by Gatz et 
al. [24]). In addition, Fig. 2(b) shows that, 
if a SiNx capping layer is applied, the peak 
temperature increases by 60 to 90°C for all 
SiNy layers. A reduced hydrogen effusion 
rate due to a SiNx capping layer has already 
been reported in the literature [25].

The following discussion will focus 
on carrier lifetime investigations of 
SiN y/SiN x passivate d cr ystal l ine Si 
surfaces. The effective lifetime τeff of 
symmetrically passivated p-type FZ Si 

Figure 2. (a) H effusion rate as a function of the measured temperature. The 
characteristic effusion temperatures ϑeff are related to the respective maximal H 
effusion rate from the passivating film. (b) Effusion temperatures ϑeff from the SiNy 
passivation layer increase with decreasing nSiNy for both SiNy single and SiNy/SiNx 
stack layers. The increase in ϑeff using a SiNx capping layer indicates the further 
reduction of H effusion. The dashed lines are guides for the eye. (Data are taken 
from Gatz et al. [24].)
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wafers is measured by means of the quasi-
steady-state photoconductance (QSSPC) 
method [26,27]. If the total measured 
recombination rate is attributed to the 
interface, the upper limit for the effective 
surface recombination velocity can be 
estimated from the equation

 	 (1)

where τeff is effective lifetime measured 
by QSSPC and W is the wafer thickness. 

 The effective surface recombination 
velocity Spass before and after firing in 
an infrared conveyor-belt furnace for  
SiNy/SiNx double layers is shown in Fig. 3. 
Spass in the as-deposited state decreases 
slightly with increasing refractive index 
from about 22cm/s (n = 3.14) to 8cm/s 
(n = 4.16). The firing step alters the Spass 
dependence significantly. A minimum of 
Spass occurs for n in the range of n = 3.4 to 
3.8 with the minimum upper limit Seff = 
(10±2)cm/s for stacks with n = 3.6. After 
firing, as the refractive index increases 
further towards na-Si = 4.16, Spass increases 
significantly due to the reduced bonding 
strength of H in the SiNy film, as indicated 
by our FTIR and H effusion results. 
With optimization of the process gas 
composition, Spass remains below 10cm/s at 
relevant injection densities of the solar cell 
between Δn = 1013cm−3 and Δn = 1015cm−3 
(as has been shown by Gatz et al. [24]). 

Al2O3/SiNx passivation stacks 
Fig .  4  shows the ef fe ctive surface 
recombination velocity Spass, at a fixed 
injection density of 1015cm-3 after firing in 
a belt furnace, as a function of the Al2O3 
layer thickness. The Al2O3 layers were 
deposited by two variants of atomic layer 

deposition (ALD): (a) plasma-assisted ALD 
(PA-ALD), and (b) thermal ALD.

“Both PA-ALD-Al2O3 and 
thermal ALD-Al2O3 stacks are 

well suited to application to 
high-efficiency screen-printed 

PERC solar cells.”
For  PA-ALD-A l 2O 3 s i ngle  l ayers 

of thicknesses < 20nm, a pronounced 
degradation of the effective surface 
recombination velocity Spass after firing 
is observed, whereas Al2O3/SiNx stacks 
with thin Al2O3 layers < 20nm show a 

negligible increase of Spass; there is even 
an improvement for ultrathin layers ≤ 
4nm. For layers of thickness ≥ 20nm, no 
significant difference is detectable between 
single layers and Al2O3/SiNx stacks. Both 
PA-ALD-Al2O3 (Fig. 4a) and thermal ALD-
Al2O3 (Fig. 4b) layers provide approximately 
the same excellent passivation level, 
with just slightly lower effective surface 
recombination velocities for the PA-ALD-
Al2O3/SiNx stacks. It is noteworthy that 
both stack systems with Al2O3 layers of 
thicknesses between 4 and 10nm provide 
lifetimes between 1 and 3ms after firing, 
corresponding to surface recombination 
velocities below 10cm/s over a very broad 
injection range (1013–1015cm-3). Hence, both 
stacks are well suited to application to high-
efficiency screen-printed PERC solar cells.

Figure 3. Effective surface recombination velocity Spass at Δn =1015cm−3 before and 
after a firing step as a function of the passivation layer’s refractive index n for 
SiNy/SiNx stacked layers. The dashed lines are guides for the eye. (Data are taken 
from Gatz et al. [24].)

Figure 4. Effective surface recombination velocity as a function of Al2O3 layer thickness after firing, for single layers of Al2O3 
compared with Al2O3/SiNx stacks. The results are shown for Al2O3 layers deposited by (a) plasma-assisted ALD, and (b) thermal 
ALD. The samples received no anneal before firing. The dashed lines are guides for the eye. 

(a) (b)
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Solar cell results
The processing sequence of our screen-
printed PERC solar cells is described 
in Dullweber et al. [28]. Table 1 shows 
representative measured cell parameters of 
PERC solar cells with SiNy/SiNx (cell type A), 
plasma-assisted ALD-Al2O3/SiNx (cell type 
B) and SiO2/SiNx (cell type C) rear-surface 
passivation stacks after the permanent 
deactivation of the boron-oxygen-related 
recombination centres [29,30].

“At the solar cell level, 
Al2O3/SiNx clearly outperforms 

SiNy/SiNx.”
PERC solar cells of types B and C 

achieve conversion efficiencies of 19.6% 
and 19.4% [31] compared to 18.3% for cell 
type A [24]. This difference is related to 
the open-circuit voltage Voc of 633mV 
and short-circuit current density Jsc of 
37.1mA/cm2 of the SiNy/SiNx passivated 
solar cell, and is mainly attributed to 
significant improvements in Voc of up to 
664mV and in Jsc of up to 38.6mA/cm2. 
Part of the improvement of cells B and C 
compared to cell A, however, is due to an 
improved front-side metallization. The fill 
factor FF does not depend on the passivation, 
but is strongly related to the metallization 
fraction at the rear and therefore to the pitch 
of the rear contacts [32].

Cell type	 Area	 Rear-surface 	 Pitch	 Voc	 Jsc 	 FF	 η 
	 [cm2] 	 passivation	 [mm]	 [mV]	 [mA/cm2]	 [%]	 [%]

A	 141	 SiNy/SiNx	 1	 633	 37.1	 77.8	 18.3*

B	 233	 Al2O3/SiNx	 1.2	 645	 38.6	 78.5	 19.6**

C	 149	 SiO2/SiNx	 2	 664	 38.5	 75.8	 19.4**

* in-house measurements at ISFH
** independently confirmed by FhG-ISE CalLab

Table 1. Parameters of solar cells using p-type boron-doped Cz-silicon (2.1Ωcm), 
measured under standard test conditions.

λ

Figure 5. Comparison of measured IQE of the PERC solar cells with Al2O3/SiNx, 
SiO2/SiNx and SiNy/SiNx rear-surface passivation stacks and a reference cell with a 
full-area Al-BSF.
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Fig. 5 shows the measured internal 
quantum eff ic ienc y (IQE) data for 
the PERC solar cells, as well as for a 
conventional solar cell featuring a full-
area Al-BSF. The effective rear-surface 
recombination velocity Srear of each solar 
cell is extracted, along with reflectance 
data (not shown here), in the wavelength 
region between 850nm and 1000nm. For 
cells of types B and C, the analysis leads 
to Srear < 100cm/s [31]. Assuming Smet 
= 600cm/s for the metallized regions, 
then Srear < 100cm/s corresponds to Spass 
< 20cm/s in the passivated areas [4]; that 
confirms the l i fetime measurement 
results for Al2O3/SiNx (see Fig. 4) and also 
previous measurement results for SiO2/
SiNx passivation stacks [33].

A solar cell of type A with SiNy/SiNx 
rear-surface passivation shows an Srear 
of (400±100)cm/s. This value is slightly 
smaller than the Srear of about (550±100)
cm/s for the solar cell with full-area Al-BSF, 
indicating that there is only a slightly 
improved surface passivation quality 
with the SiNy/SiNx stack. However, if it is 
assumed that Smet = 600cm/s for local Al 
contacts, then Srear = 400cm/s corresponds 
to Spass ≈ 300cm/s in the passivated 
areas [4]. That value clearly exceeds the 
Spass < 10cm/s obtained from lifetime 
measurements. The physical reason for 
this discrepancy is currently under detailed 
investigation at ISFH. 

Conclusions
As industrially-relevant alternatives 
to passivation by high-temperature-
grown si l icon oxide,  two dif ferent 
low-temperature passivation schemes 
have been investigated for rear-surface 
passivation of screen-printed PERC 
solar cells: SiNy/SiNx (y < x) and Al2O3/
SiNx stacks. Both stack layers exhibit an 
excellent surface passivation quality before 
and after firing in an industrial conveyor-
belt furnace, as demonstrated by effective 

surface recombination velocities Spass < 
10cm/s. However, at the solar cell level, 
Al2O3/SiNx clearly outperforms SiNy/SiNx. 
When the optimized ISFH screen-printed 
PERC process is used, energy conversion 
efficiencies of up to 19.6% are obtained for 
large-area solar cells with conventional 
Cz-Si wafers. 
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