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Abstract
The surface passivation performance of Al2O3 films attracted attention in the field of solar cells and semiconductor
devices and depends on the conditions of the applied post-deposition annealing step. The effect of annealing
temperature and different annealing atmospheres on the surface passivation quality of atomic layer deposited Al2O3
films was investigated on n-type float-zone Si wafers. Photoconductance decay measurements were carried out to
characterize recombination velocities and carrier lifetimes. The chemical and field-effect passivation mechanism, i.e.
the interface trap density and the fixed charge density, respectively, were studied by capacitance-voltage experiments.
Low surface recombination velocities of Seff,max ~1 cm/s corresponding to a carrier lifetime of 9.0 ms were achieved
for samples annealed in O2 atmosphere whereas annealing in H2 and N2 led to slightly higher Seff,max-values ~2 cm/s.
The annealing temperature was found to affect both the fixed charge density and the interface trap density whereas in
contrast the annealing atmosphere affected only the interface trap density, i.e. the chemical passivation. According to
the expectations the highest surface passivation quality is based on a high fixed charge density and a low interface
trap density.
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1. Introduction
Future generations of high-efficiency solar cells rely on excellent passivation of the silicon (Si) surface
[1]. The advantage of thin aluminium oxide (Al2O3) films in the field of photovoltaics was firstly shown
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in 1989 by Hezel et al. and later on in 2006 Agostinelli et al. and Hoex et al. reported on field-effect
passivation based on negative fixed charge and high level of chemical passivation due to a low interface
defect density [2-6]. The surface passivation performance of Al2O3 films was found to depend on several
conditions, i.e. the used oxidant [7,8], the deposition temperature [9] and the post-deposition annealing
temperature [10-14]. In particular the temperature of the post-deposition anneal was found to influence
the field-effect passivation of the Al2O3 films [15].
In this study the surface passivation quality of Al2O3 films grown by atomic layer deposition (ALD)
was investigated after annealing under various conditions, i.e. annealing at temperatures ranging from 300
to 600°C and annealing in atmospheres such as oxygen (O2), nitrogen (N2) and hydrogen (H2). The
impact of the annealing atmosphere on the surface passivation of Al2O3 films has not been investigated in
detail yet. The experiments included the analysis of the contributions of the field-effect and chemical
passivation on the overall quality of the surface passivation. The surface passivation performance was
found to depend on both annealing temperature and atmosphere.
2. Experimental
For the experiments float zone (FZ) n-type Si substrates with a thickness (W) of 200 μm and an edge
length of 6 cm were used. The samples had a resistivity of 2-3
. Prior to the Al2O3 deposition the
wafers were cleaned using a standard Radio Corporation of America (RCA) process to assure a
hydrophobic surface [16] followed by a diluted HF treatment. The Al2O3 films were deposited
symmetrically on both sample sides and trimethylaluminium (Al(CH3)3) and ozone (O3) were used as
reactants. The layer had a thickness of 30 nm as determined by spectroscopic ellipsometry. After the
Al2O3 deposition sample set A was annealed for 10 min at different temperatures in a muffle furnace
between 300 and 600°C. The muffle furnace was flooded by N2 before and during the annealing process.
Sample set B were annealed at different pure atmospheres: O2, N2 and H2 at 470°C for 10 min. For the
samples that were used for capacitance-voltage (C-V) measurements Al contacts with a thickness of 100
nm and an area of 0.04 mm2 were evaporated by vacuum deposition on one sample side through a shadow
mask.
The minority carrier lifetime ( eff) was characterized by using the transient decay photoconductance
technique and a Sinton Instruments WCT-120 system [17]. The measured eff-values were used to
calculate the maximum surface recombination velocities Seff,max =
eff) by assuming an infinitive bulk
lifetime.
In addition C-V and conductance measurements were carried out and a metal-oxide semiconductor
(MOS) model was used to determine the density of fixed charges Qf [18] and the density of interface traps
Dit at the Al2O3/Si interface [19,20]. An impedance analyzer Agilent Technologies E4980A Precision
LCR Meter was used for the measurements.
3. Results
In Fig. 1 the effective carrier lifetimes obtained for Al2O3 films is shown after annealing at various
temperatures (sample set A). After annealing at 300°C the lowest eff-values of 0.2-0.3 ms were obtained.
Annealing between 400 and 600°C led to eff-values of ~2 ms at n > 7 1015 cm-3 which corresponds to
Seff,max < 5 cm/s. However, the obtained eff-values were slightly different for lower n-values < 5 1015
cm-3. Therefore the optimum annealing temperature was ~470°C because at low injection levels of n <
1014 cm-3 the achieved eff-values of 2.3 ms were higher than for the other annealing temperatures. The
low injection level is of interest as the range between 1013 to 1015 cm-3 corresponds to the operation
conditions of an industrial solar cell as revealed by PC1D simulations [19]. In Fig. 1b the influence of
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Fig. 1. Injection dependent minority carrier lifetime eff ( n) of 30 nm thick ALD Al2O3 films
(a) Sample set A: annealed in muffle furnace at indicated temperatures and (b) Sample set B: annealed at 470°C in indicated
atmospheres. As a reference the intrinsic lifetime limit, including also the recombination in the surface depletion region, for an
Al2O3-passivated n-type Si wafer is shown [22].

different pure annealing atmospheres on the eff-values is shown. Compared to annealing at 470°C in the
muffle furnace a further increase of eff is obtained for samples of sample set B. The highest eff of 9.0 ms,
which corresponds to a Seff,max of about 1 cm/s, was obtained for annealing in O2 atmosphere, whereas
annealing in H2 and N2 led to slightly higher values of Seff,max of about 2 cm/s. At injection densities n <
1014 cm-3 the obtained eff-values of Al2O3 films annealed in O2 atmosphere were near to the intrinsic
lifetime according to the model proposed by Richter et al. [22]. The eff-values achieved after annealing at
various temperatures and in different annealing atmospheres are listed in Tab. 1.
By C-V measurements the surface passivation mechanism of the Al2O3 films, i.e. the contributions of
chemical and field-effect passivation, was investigated. The field-effect passivation is represented by the
fixed charge density Qf [18] and the chemical passivation is reflected by the interface trap density Dit
(a)
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[19,20]. The eff-values increased exponential with higher Qf, except for the samples annealed at 500 and
600°C in the muffle furnace. The highest level for Qf of about 1012 cm-2 is determined for samples
annealed at 500°C. Only slightly lower Qf-values of about -4 to - 1012 cm-2 are obtained for the samples
annealed at 400 and 470°C, including the samples of sample set B. In Fig. 2b the obtained Dit-values are
shown as a function of the energy E relative to the midgap energy. The obtained Dit(E) function of the
samples annealed in the muffle furnace and in pure N2 atmosphere resulted in similar values as the same
annealing ambient was used. In comparison the Dit-values decreased for annealing in atmospheres H2 and
O2 with the lowest average Dit-value of about 0.6 1011 eV-1 cm-2 obtained for annealing in O2 atmosphere.
These Dit-values were similar or even slightly lower compared to interface trap densities reported in
literature [6,23]. The reduction of the interface trap density lead to an increase in eff by a factor of 1.5
compared to the N2 treated samples which showed an average Dit of 1.3 1011 eV-1 cm-2. In the Tab. 1 all
obtained values for eff, VFB, Qf and average Dit are summarized.
14
Table 1. Minority carrier lifetime eff at an injection level of n =
cm-3, flatband voltage shift VFB, density of fixed charges
Qf and average interface trap density Dit obtained of annealed Al2O3 films at indicated annealing temperatures and atmospheres.

Annealing

Annealing

Annealing

eff

VFB

Qf 1012
-2

Dit 1011
(eV-1 cm-2)

temperature

atmosphere

time

(ms)

(V)

(cm )

300°C

N2

10 min

0.3

0.1

-1.5

400°C

N2

10 min

1.8

3.4

-3.6

470°C

N2

10 min

2.3

3.8

-3.8

2.3

500°C

N2

10 min

1.6

5.7

-6.2

1.8

600°C

N2

10 min

1.5

4.7

-5.0

1.2

470°C

O2

10 min

9.0

5.1

-5.1

0.6

470°C

H2

10 min

5.6

4.6

-5.2

1.4

470°C

N2

10 min

5.8

4.7

-5.2

1.3

= not applicable

4. Summary
The Al2O3 surface passivation was found to depend strongly on the annealing temperature and the
annealing atmosphere. The measured lifetime values increased with higher annealing temperatures in
muffle furnace. Under low injection conditions the maximum value was obtained at ~470°C whereas at
higher injection conditions annealing at T > 400°C served a similar passivation quality. This is important
for solar cells, since simulations in PC1D have shown that they often operate at relatively low
illumination levels. It was shown that an annealing at 470°C in a pure atmosphere leads to an improved
surface passivation. The best result of eff = 9.0 ms at an injection density of n = 1014 cm-3 was achieved
for annealing in pure oxygen atmosphere. This effect was attributed to an increased chemical passivation,
whereas there is no significant influence of the annealing atmosphere on the fixed charge density, hence
on the field-effect passivation.
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