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ABSTRACT 

 
We show that aluminum oxide (Al2O3) layers depo-

sited by thermal as well as by plasma-assisted atomic 
layer deposition (ALD) are very well suited for the effec-
tive surface passivation of p-type silicon wafers. Surface 
recombination velocities (SRVs) well below 10 cm/s are 
measured for both ALD variants. The SRV strongly in-
creases with decreasing film thickness if the Al2O3 films 
are <10 nm for thermal ALD and <5 nm for plasma ALD. 
Firing at 830°C in a conveyor-belt furnace deteriorates the 
passivation quality, in particular for ultrathin Al2O3 films. 
For Al2O3 films ≤10 nm the thermal stability of the Al2O3 
was significantly improved by depositing a 75-nm capping 
layer of PECVD-SiNx onto the Al2O3. Application of Al2O3 
to the rear of PERC solar cells shows that high Voc values 
above 660 mV and Jsc values of 40 mA/cm2 are achieva-
ble, irrespective of the ALD variant applied. However, 
generally slightly higher efficiencies are obtained for Al2O3 
deposited by plasma ALD. The plasma ALD layers result 
in the highest efficiency of 21.1%.  

 
INTRODUCTION 

 
In recent years, aluminum oxide (Al2O3) grown by 

atomic layer deposition (ALD) has been identified as a di-
electric material very well suited for the surface passiva-
tion of lowly doped p- and n-type silicon wafers [1-4] as 
well as highly doped p+ silicon surfaces [5,6]. There are 
fundamental advantages over other dielectric materials 
(such as SiNx or SiOx) frequently used for the surface 
passivation of silicon solar cells. Importantly, as Al2O3 is a 
negative-charge dielectric, no parasitic shunting [7] occurs 
when applied to the rear of passivated emitter and rear 
cells (PERC) on p-type silicon. This has recently led to 
cell efficiencies exceeding 20% [8] for simplified PERC 
solar cells on p-type silicon and to efficiencies >23% [9] 
on n-type silicon wafers with Al2O3-passivated p+ front 
emitter. Also, we have recently demonstrated that ALD-
Al2O3 is well compatible with standard firing steps used for 
the fabrication of metal contacts in screen-printed solar 
cells. Hence, Al2O3 could be an important component for 
future industrial high-efficiency solar cells.  

In contrast to deposition techniques conventionally 
applied in photovoltaics, such as plasma-enhanced chem-
ical vapor deposition (PECVD), ALD consists of two self-
limiting half-reactions, which implies numerous advantag-
es: (i) ALD results in highly conformal coatings, which al-
lows to passivate e.g. macropores or other complex sur-
face structures, (ii) a generally pin-hole-free deposition is 

achieved, and (iii) as ALD is a self-limiting process ex-
tremely uniform films can be deposited over very large 
areas. The main disadvantage of ALD for photovoltaic ap-
plications is its relatively low deposition rate. This disad-
vantage could be overcome by depositing ultrathin ALD-
Al2O3 films and capping them with a thicker film of e.g. 
PECVD-SiNx or SiOx or by the development of advanced 
fast ALD processes. 

In this contribution, we study the dependence of the 
surface passivation quality on the Al2O3 film thickness for 
films deposited by two different ALD techniques, namely 
thermal ALD and plasma-assisted ALD. We examine the 
effect of a PECVD-SiNx capping layer on top of the Al2O3 
film on the firing stability of the surface passivation quality 
and finally present our latest PERC cell results.  
 

THERMAL AND PLASMA-ASSISTED ALD 
 
In the ALD process, one monolayer of Al2O3 is grown 

per cycle. Each cycle consists of two half-reactions, as 
depicted in Fig. 1. In the first half-reaction, trimethylalumi-
num (TMA) molecules react with hydroxyl (OH) groups at-
tached to the surface. At the end of the first half-reaction, 
Al atoms and methyl groups cover the surface and the 
remaining TMA molecules in the deposition chamber are 
no longer able to react with the surface. After purging the 
deposition chamber with nitrogen or oxygen gas, the sec-
ond half-reaction of the ALD cycle starts. We apply two 
different realization forms for the second half-reaction: in 
the thermal ALD process, water vapor is injected into the 
deposition chamber. The H2O molecules react very fast 
with the Al-CH3 complex attached to the surface. Hydro-
gen reacts with the methyl group to methane and oxygen 
reacts with aluminum to aluminum oxide. In the plasma-
assisted ALD process, an oxygen plasma is ignited above 
the substrate, generating oxygen radicals which effec-
tively react with the methyl groups and the aluminium at 
the surface. In the FlexAL deposition system from Oxford 
Instruments applied in this study an inductively coupled 
plasma (ICP) source is used, which means that the oxy-
gen plasma is not in direct contact with the silicon wafer 
during Al2O3 deposition. This type of remote-plasma 
deposition technique is known to create almost no plasma 
damage at the surface, and is hence well suited for an 
excellent silicon surface passivation. In our FlexAL sys-
tem, thermal as well as plasma-assisted ALD of Al2O3 can 
be performed in the same deposition chamber. Hence, 
the FlexAL is well suited for a direct comparison of both 
ALD techniques.  



 Figure 2 shows the Al2O3 thickness, measured using 
an in-situ ellipsometer (Woollam M-2000F) integrated into 
our ALD system, as a function of the number of cyles. 
Figure 2 compares the growth per cycle (GPC) for plasma 
ALD and thermal ALD at a fixed deposition temperature of 
200°C. Typical cycle durations are in the range 4 – 6 s. As 
can be seen from Fig. 2, plasma ALD results in a 60% 
higher GPC than thermal ALD at 200°C. However, the 
deposition rates obtained for both techniques are below 2 
nm/min which means that for photovoltaic applications, 
where high throughput is required, only ultrathin Al2O3 
layers are conceivable. This makes stacks of ALD-Al2O3 
and SiNx or SiOx (deposited e.g. by PECVD) a very inter-
esting option for industrial solar cells. Most recently is has 
been shown that by spatial separation of the half-
reactions very high deposition rates up to 1 nm/s are 
achievable using ALD [10]. These recent developments 
could make ALD a near-term option for the surface pas-
sivation of next-generation industrial solar cells. 
 Figure 3 shows a spatially resolved ellipsometry 
measurement of the thickness distribution of an Al2O3 
layer deposited in our FlexAL system on a polished 6” sili-
con wafer. The Al2O3 film was deposited at 200°C using 
500 cycles of plasma-assisted ALD. The thickness homo-
geneity over the entire wafer is 0.4%. We also measure 
an excellent thickness homogeneity better than 0.5% on 
6” wafers using thermal ALD.  
  
 

 Figure 4 shows a dynamic infrared lifetime mapping 
(dynamic ILM) [11] measurement of the effective carrier 
lifetime τeff of a 1-Ωcm p-type float-zone silicon wafer.  
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Fig. 2. Al2O3 thickness as a function of the number of cy-
cles for (i) plasma-assisted ALD and (ii) thermal ALD. The 
film thickness was determined by in-situ ellipsometry and 
the growth per cycle (GPC) was determined from the lin-
ear fits to the measured data. 

 

 

Fig.1. Schematic of one cycle of a thermal and a plasma-assisted atomic layer deposition (ALD) process. 
Each cycle consists of two half-steps: first, the trimethylaluminum (TMA) molecules attach to the hydroxyl 
groups attached to the silicon surface; second, the molecules are oxidized by H2O (thermal ALD) or an O2 
plasma (plasma ALD). 

 



 
Fig. 3. Thickness of an Al2O3 layer deposited on a pol-
ished 6” silicon wafer measured using ellipsometry. The 
Al2O3 film was deposited at 200°C using 500 cycles of 
plasma-assisted ALD. The thickness homogeneity over 
the entire wafer is 0.4%. 
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Fig. 4. Spatially resolved measurement of the effective 
lifetime τeff on a 1-Ωcm p-type float-zone silicon wafer us-
ing the dynamic infrared lifetime mapping (dynamic ILM) 
[11] technique. Both wafer surfaces are passivated by 
20 nm of Al2O3 deposited using plasma-assisted ALD at 
200°C. After deposition the sample was annealed at 
425°C to improve the passivation quality. The area-
averaged lifetime is 1.3 ms and the standard deviation is 
0.2 ms. 
 
Both wafer surfaces are passivated by 20 nm of Al2O3 de-
posited using plasma-assisted ALD at 200°C. After depo-
sition the sample was annealed at 425°C to improve the 
passivation quality. The area-averaged lifetime is 1.3 ms 
and the standard deviation is 0.2 ms, demonstrating that a 
very good homogeneity of the passivation quality is 
achieved using ALD. 

 
PLASMA VS THERMAL ALD 

 
In order to evaluate the surface passivation quality of 

Al2O3 deposited by plasma ALD versus thermal ALD, we 
perform photoconductance decay measurements using a 
Sinton lifetime tester. We use 290 µm thick (100)-oriented 
low-resistivity (1.5 Ωcm) p-type float-zone silicon (FZ-Si) 
wafers coated with Al2O3 films on both wafer surfaces at 
deposition temperatures ranging from 200 to 260°C. To 
convert the measured effective lifetime values τeff into ef-
fective surface recombination velocities (SRVs) Seff, we 
use the intrinsic bulk lifetime of silicon according to the 
parameterization published in Ref. 12. If not stated other-
wise, in this study we report lifetimes measured at an in-
jection density of ∆n = 1015 cm-3. For the used 1.5 Ωcm 
FZ-Si wafers, the corresponding bulk lifetime amounts to 
τb = 3.4 ms. Prior to surface passivation all wafers were 
damage-etched and RCA-cleaned. Figure 5 shows the 
measured effective lifetime τeff as a function of the Al2O3 
layer thickness in the as-deposited state (i.e. without any 
post-annealing). Effective lifetimes in the range 3 – 5 µs 
(circles in Fig. 5), corresponding to an effective surface 
recombination velocity (SRV) Seff of ~104 cm/s, show that 
Al2O3 deposited by plasma ALD provides virtually no sur-
face passivation in the as-deposited state. Conversely, 
Al2O3 layers deposited by thermal ALD provide a good 
level of surface passivation already in the as-deposited 
state (triangles in Fig. 5) if they are sufficiently thick. For 
the thermal ALD an increasing effective lifetime with in-
creasing Al2O3 thickness is observed. As can be seen 
from Fig. 5, for a 10 nm thick Al2O3 film deposited by 
thermal ALD an effective lifetime of only 24 µs is meas-
ured, corresponding to an Seff of 670 cm/s, whereas for a 
30 nm thick layer a τeff of already 290 µs is obtained. 
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Fig. 5. Measured effective lifetime τeff as a function of the 
Al2O3 layer thickness in the as-deposited state (i.e. with-
out any post-annealing). The lines are guides to the eyes. 
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Fig. 6. Measured effective lifetime τeff as a function of the 
Al2O3 layer thickness after post annealing for 15 min at 
425°C for the plasma ALD samples and at 350°C for the 
thermal ALD samples. The lines are guides to the eyes. 
 
 
The latter lifetime corresponds to an effective SRV of Seff 
= 45 cm/s. We conclude that using thermal ALD it is in 
fact possible to realize a relatively good surface passiva-
tion quality in the as-deposited state applying processing 
temperatures ≤260°C. No satisfactory surface passivation 
quality is however achieved for very thin layers (<20 nm). 
Similar results have recently been reported for n-type sili-
con wafers [4]. The completely different passivation prop-
erties of Al2O3 deposited by plasma and by thermal ALD 
could suggest that the growth mechanisms are different in 
both cases. Another potentially important difference be-
tween thermal and plasma ALD recently pointed out by 
Dingemans et al. [4] is that during plasma ALD the inter-
face is exposed to very hard UV radiation emitted by the 
O2 plasma, which might damage the interface. This dam-
age could be annealed out during the post-annealing 
treatment. 

Figure 6 shows the dependence of τeff on the Al2O3 
thickness after a post annealing treatment of the samples. 
We have optimized the post annealing treatment and 
found that relatively broad temperature windows of ap-
proximately ±50°C can be applied to achieve an excellent 
surface passivation. The samples shown in Fig. 6 were 
annealed for 15 min at 425°C for the plasma ALD sam-
ples and at 350°C for the thermal ALD samples. By com-
paring Figs. 5 and 6 it can be seen that a dramatic in-
crease in τeff is observed after post annealing. The Al2O3 
deposited by plasma ALD shows, independent of the layer 
thickness, higher τeff values than the samples passivated 
by thermal ALD, which means that the post annealing re-
verses the trend measured in the as-deposited state (Fig. 
5). For the plasma ALD films, maximum lifetimes of 3 ms 
are measured for an Al2O3 thickness above 10 nm, which 
corresponds to an ultralow effective SRV of Seff = 0.6 cm/s 

using the intrinsic bulk lifetime parameterization of Kerr 
and Cuevas [12]. For the thermal ALD films, slightly lower 
maximum lifetimes of 2 ms are measured, still leading to 
an outstanding Seff of 3 cm/s. The differences between 
thermal and plasma ALD become more pronounced for 
ultrathin (< 10 nm) layers. While the plasma ALD layer 
shows only a small deterioration until a film thickness of 5 
nm is reached, the thermal ALD Al2O3 layer shows a pro-
nounced deterioration in its passivation quality already for 
film thicknesses below 10 nm. For an extremely thin Al2O3 
layer of only 1 nm thickness, we still measure a τeff of 170 
µs (Seff = 80 cm/s) for the plasma ALD sample, but only 
τeff = 30 µs (Seff = 520 cm/s) for the thermal ALD sample. 
Our results show that the surface passivation quality of ul-
trathin Al2O3 films deposited by plasma ALD is clearly su-
perior to that of films deposited by thermal ALD. To find 
out the reason for the increasing Seff with decreasing 
Al2O3 thickness, we have measured some of our samples 
using the lifetime-corona technique [13]. Our experimental 
results show that the very large negative fixed charge 
density Qf within our Al2O3 films, which is in the range of 
Qf = – 4-6×1012 cm-3, does not change with the Al2O3 
thickness, however, the interface state density strongly 
increases with decreasing film thickness for the ultrathin 
layers [14]. This suggests that the defect states responsi-
ble for the fixed charges are located extremely close (< 1 
nm) to the interface. The main reason for the strong in-
crease in Seff with decreasing Al2O3 thickness is however 
unambiguously an increase of the interface state density.      

 
FIRING STABILITY 

 
We exposed 1.5 Ωcm p-type FZ-Si wafers passivated 

with (i) single layers of plasma ALD-Al2O3 and (ii) stacks 
of plasma ALD-Al2O3 and PECVD-SiNx (75 nm thick) to a 
firing treatment typically applied in standard screen-
printing solar cell production processes.  
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Fig. 7. Effective SRV Seff measured at an injection density 
of 1015 cm-3 after firing at 830°C as a function of Al2O3 
layer thickness for (i) a single layer of plasma ALD-Al2O3 
and (ii) stacks of Al2O3 and PECVD-SiNx (75 nm thick). 
The right scale shows the implied open-circuit voltage cor-
responding to the measured Seff. 



 
 
Fig. 8. PERC-type solar cell structure used to demon-
strate the applicability of different rear surface passivation 
schemes.  
 
 
Firing experiments were performed in an industrial infra-
red conveyor-belt furnace (Centrotherm Contact Firing 
Furnace DO 8.600-300-FF) at a peak temperature of 
~830°C for ~3 s. The peak temperature stated is the ac-
tual temperature measured during firing using a data log-
ger. The set temperature was 860°C. Figure 7 shows the 
effective SRV Seff measured at an injection density of 1015 
cm-3 after firing as a function of Al2O3 layer thickness. The 
right scale in Fig. 7 shows the implied open-circuit voltage 
corresponding to the measured SRV. Compared to the 
Seff values measured before firing, which are always well 
below 10 cm/s (see above), we measure a pronounced 
increase in Seff due to the firing. For an Al2O3 thickness 
≥20 nm we measure Seff values in the vicinity of 50 cm/s 
after firing, which holds for single layers of Al2O3 (red cir-
cles in Fig. 7) as well as for Al2O3/SiNx stacks (blue trian-
gles in Fig. 7). For Al2O3 films ≤10 nm the thermal stability 
of the Al2O3 is significantly improved by depositing a 75-
nm capping layer of SiNx onto the Al2O3, which is probably 
due to the very high (10-15 at.%) hydrogen content in the 
PECVD-SiNx film. Deposition of SiNx onto the 3.6-nm 
Al2O3 layer alone increases the lifetime from 550 to 700 
µs (before firing) [3], which is most likely due to hydrogen 
diffusing from the SiNx through the ultrathin Al2O3 to the 
interface, where it effectively passivates dangling bonds. 
For ultrathin Al2O3 layers (≤10 nm covered by 75 nm SiNx 
we measure Seff values in the range between 30 and 40 

cm/s. The surface passivation quality of these stacks after 
firing is hence compatible with an open-circuit voltage Voc 
exceeding 700 mV, which is well acceptable for future in-
dustrial high-efficiency solar cells.  

 
PERC SOLAR CELLS 

 
In order to verify the suitability of the different dielec-

tric layers to the rear surface passivation of p-type silicon 
solar cells, we have fabricated passivated emitter and 
rear cells (PERC) using the process sequence described 
in Ref. 8. Figure 8 shows the cell structure featuring a 
PECVD-SiNx-passivated 100 Ω/sq phosphorus-diffused n+ 
front emitter and a rear surface passivated by the dielec-
tric layer systems shown in the first column of Table 1. 
The front grid is made by shadow-mask evaporation of 
aluminum and the rear is fully metalized by full-area alu-
minum evaporation (4% rear metallization fraction) after 
point contact openings have been generated. As a refer-
ence process we use an SiO2 rear passivation grown by 
wet thermal oxidation at 1000°C [8].   Table 1 summarizes 
the one-sun parameters of the best PERC solar cells, as 
measured under standard testing conditions (25°C, 
100 mW/cm2, AM 1.5 G). Remarkably, the measured 
open-circuit voltages Voc and short-circuit current densi-
ties Jsc of the Al2O3-passivated cells are higher than the 
Voc and Jsc values of the SiO2-passivated reference cell. 
Voc values of Al2O3-passivated cells are all ≥660 mV and 
Jsc values are in the vicinity of 40 mA/cm2, demonstrating 
that parasitic shunting effects are absent in these cells. 
On top of the very thin Al2O3 layers we have deposited 
thicker PECVD SiOx or SiNx layers to improve the internal 
rear reflection of the cell. Importantly, there is no signifi-
cant difference between thermal and plasma ALD. 
However, slightly higher open-circuit voltages are typically 
obtained for Al2O3 films deposited by plasma ALD, in 
agreement with the slightly better passivation measured 
on lifetime test structures. The results compiled in Table 1 
clearly demonstrate that plasma and thermal ALD are 
both well suited for the fabrication of high-efficiency PERC 
cells with efficiencies exceeding 20%. The highest effi-
ciency of 21.1% in Table 1 is achieved for the plasma 
ALD Al2O3 layer, whereas the thermal ALD results in a 
maximum efficiency of 20.4%, which is comparable to the 
thermal oxide reference.   
 

Table 1: One-sun parameters measured under standard testing conditions of the best PERC silicon solar cells with 3 
different rear surface passivations: (i) thermal SiO2 (220 nm), (ii) thermal ALD Al2O3 (30 nm)/PECVD-SiNx (100 nm) 
stacks, and (iii) Al2O3(30 nm)/PECVD-SiOx (200 nm) stacks. All cells were fabricated on 0.5-Ωcm FZ p-Si wafers. The 
aperture cell area is 4 cm2. 

Rear side passivation Voc [mV] Jsc [mA/cm
2] FF [%] ηηηη [%] 

Thermal SiO2 657 39.1 78.9 20.2 

Thermal ALD Al2O3/SiNx 660 39.4 78.4 20.4 

Plasma ALD Al2O3/SiOx 666 40.1 79.0 21.1 

 



 
 

CONCLUSIONS 
 
We have demonstrated that Al2O3 layers deposited 

by plasma-assisted as well as by thermal ALD are very 
well suited for the surface passivation of p-type silicon wa-
fers. In the case of plasma ALD, however, the as-
deposited films show virtually no surface passivation, 
whereas after post-annealing treatment surface recom-
bination velocities below 1 cm/s were measured. For 
thermal ALD, a satisfactory level of surface passivation 
was already measured in the as-grown state, which im-
proved with increasing film thickness. For a 30 nm thick 
as-grown thermal ALD Al2O3 layer a SRV of 45 cm/s was 
measured. After post annealing this SRV decreased to 
only 3 cm/s, making thermal ALD also an excellent 
choice for the surface passivation of silicon solar cells. In 
general, the passivation quality was found to deteriorate 
with decreasing Al2O3 film thickness. However, for plasma 
ALD Al2O3 films a pronounced deterioration of the SRV 
was only observed for layer thicknesses < 5 nm, whereas 
thermal ALD films already deteriorated in the surface pas-
sivation level below 10 nm.  

Firing at 830°C in a conveyor-belt furnace was found 
to degrade the passivation quality, in particular for ultra-
thin Al2O3 films. For Al2O3 films ≤≤≤≤10 nm the thermal 
stability of the Al2O3 was significantly improved by 
depositing a 75-nm capping layer of SiNx onto the 
Al2O3, which is probably due to the very high hydrogen 
content in the PECVD-SiNx film. For ultrathin Al2O3 layers 
we measured SRVs between 30 and 40 cm/s after firing, 
which is compatible with implied Voc values exceeding 700 
mV. 

Al2O3 films deposited by thermal and by plasma ALD 
were applied as rear passivation layers to PERC solar 
cells and no significant difference between thermal 
and plasma ALD was observed. Voc values in the range 
660 – 670 mV, Jsc values of ~40 mA/cm2 and efficiencies 
exceeding 20% clearly indicate that parasitic shunting ef-
fects are absent in Al2O3-passivated cells. In average over 
many cells, slightly better cell results were obtained with 
plasma ALD. The maximum efficiency of 21.1% was 
achieved for a PERC cell with plasma ALD-Al2O3/ 
PECVD-SiOx rear surface passivation.    
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