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Abstract
The effect of the deposition and annealing temperature on the surface passivation of atomic layer deposited Al2O3
films was investigated on n-type Cz silicon wafers. The deposition temperature was varied between 200 and 500°C
and the annealing temperature between 300 and 450°C, respectively. Films prepared at 200 and 300°C showed an
improvement of surface passivation with increasing anneal temperature. The Al2O3 films grown at 400 and 500°C did
not improve by annealing. By corona charging experiments it was revealed that the improvement in surface
passivation with increasing anneal temperature of films grown at 300°C can be attributed to a significant increase in
chemical passivation with a minor increase in field-effect passivation. For Cz and FZ wafers an identical surface
passivation was achieved with the chemical passivation being lower for Cz wafers due to the surface morphology and
the field-effect passivation being quite similar. Consequently the field-effect passivation was found to be the more
important passivation mechanism.
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1. Introduction
Passivation of Si surfaces is a key step to improve the efficiency of solar cells as discussed in the
review article by Glunz [1]. The chemical passivation of Si surfaces is realized by hydrogen bonding to Si
dangling bonds that leads to their elimination as defect states [2]. Dielectric thin films are commonly
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employed to provide hydrogen to the surface, in some cases in combination with a forming gas or other
anneal steps. High levels of surface passivation have been reported for dielectric films such as single-layer
a-SiNx:H [3, 4], SiO2 [5] or Al2O3 [6] films as well as stacks containing these films, e.g. SiO2/a-SiNx:H,
[7-11] SiO2/Al2O3 [12-15] and Al2O3/a-SiNx:H [16-19]. In recent years especially the interest in atomic
layer deposited (ALD) Al2O3 films has increased due to their excellent chemical and field-effect
passivation [20, 21]. For ALD Al2O3 both the deposition temperature [22, 23] and the temperature of the
post-deposition annealing step [24] are known to have a significant impact on the presence of hydrogen in
the films and at the Si interface and consequently on the chemical passivation induced by the films.
In this work we investigated the effect of the ALD temperature on the properties and growth
characteristics of the Al2O3 films. Furthermore their effect on the surface passivation of the Al2O3 films
was evaluated and the role of hydrogen in terms of chemical passivation was addressed. Finally corona
charging experiments were performed to distinguish between chemical and field-effect passivation.
2. Experimental
In this study n-type Czochralski (Cz) grown Si substrates with a resistivity of 2-3 Ω·cm were used.
The wafers were cleaned in a KOH based wet chemical solution to remove the saw damage. Afterwards
the wafers received a standard RCA cleaning procedure prior to the ALD of Al 2O3 films. The thermal
ALD process consisted of 330 cycles with Al(CH3)3 and O3 as reactants. The deposition temperature
TDeposition was varied between 200 and 500°C in steps of 100°C. After film deposition the resulting
symmetrically passivated lifetime samples were exposed to an annealing step at temperatures TAnneal
between 300 and 450°C for 10 min in a N2 atmosphere.
The surface passivation was expressed in terms of the effective surface recombination velocity Seff.
The Seff-values were extracted from the injection dependent effective minority carrier lifetime Weff('n) that
was obtained from photoconductance decay measurements. These measurements were done with a Sinton
WCT-120 lifetime tester. The value of Seff is given for an injection level of 'n = 1014 cm-3 taking into
account the wafer thickness of 180 μm and assuming an infinite bulk lifetime. The Seff-values were
therefore evaluated as an upper limit, i.e. Seff,max.
By spectroscopic ellipsometry (SE) measurements that were applied after deposition, the film
thickness d, growth per cycle (GPC), and film non-uniformity were investigated to verify whether ALDlike process conditions were present during the film growth. The film thickness non-uniformity was
calculated by the relation of (dmax - dmin)/(2·daverage) [25]. For SE analysis float zone (FZ) n-type Si
substrates with shiny etched surfaces were used and prepared identical to the Cz substrates. The film nonuniformity was analyzed based on 137 measurement points equally distributed over the wafer area of
149.3 cm².
3. Results and Discussion
The Al2O3 film thickness was found to be 30 nm at a deposition at 200°C and decreased to about
20 nm at 500°C. Consequently the GPC decreased with increasing TDeposition from 0.92 Å/cycle at 200°C
to 0.62 Å/cycle at 500°C, as shown in Table 1. The reduced growth per cycle at higher substrate
temperatures can be attributed to a loss of reactive surface groups, in particular surface hydroxyl groups,
with higher temperatures [26]. The film uniformity is not significantly affected by an increase in TDeposition
and a maximum non-uniformity of ±5% in film thickness was obtained. Considering the fact that the
Al(CH3)3 precursor has an onset temperature for thermal decomposition of about 330°C [23] it is
remarkable that Al2O3 films can be synthesized under ALD-like conditions up to a substrate temperature
of about 500°C. However we cannot exclude that thermal decomposition partly took place at 500°C.
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Table 1. Film thicknesses, growth per cycle and film non-uniformity of ALD Al2O3 films as determined from spectroscopic
ellipsometry (SE) measurements. The ALD process consisted of 330 cycles
ALD temperature (°C)

200

300

400

500

Growth per cycle (Å/cycle)

0.92

0.84

0.79

0.62

Film thickness (nm)

30.4

27.7

26.1

20.5

±5

±2

±3

Film non-uniformity (%)

The surface passivation characteristics of the Al2O3 films are shown in Fig. 1. In Fig 1-a Seff,max is
plotted versus TDeposition and in Fig. 1-b Seff,max is plotted versus TAnneal. With increasing TDeposition an
increase in Seff,max was observed independently of TAnneal. The lowest Seff,max-values were obtained for
Al2O3 films synthesized at 200 and 300°C and annealed at 450°C. For these films the Seff,max-values
decreased with increasing TAnneal from 23 cm/s to 4 cm/s and from 93 cm/s to 5 cm/s when the film
growth took place at 200 and 300°C, respectively (see Fig. 1-b). Recently the same trend was reported for
O2-plasma and H2O-based ALD Al2O3 films grown at 200°C [23, 24]. In this work the highest Seff,maxvalues were obtained for Al2O3 films grown at 400°C. When these films were annealed at 350 and 400°C
an increase in Seff,max was observed compared to an anneal at 300°C. When TAnneal was further increased to
450°C the Seff,max was reduced to 92 cm/s. Al2O3 films synthesized at TDeposition = 500°C resulted in a quite
constant level of Seff,max = 130±30 cm/s.
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Fig. 1. Effective surface recombination velocity Seff,max of ALD Al2O3 films as a function of (a) deposition temperature TDeposition and
(b) temperature of anneal step TAnneal. The anneal steps were done for 10 min in N2 ambient

To investigate the origin of the decrease of Seff,max with increasing TAnneal corona charging experiments
were carried out on films grown at 300°C. The technique of corona charging allows for distinguishing
between chemical and field-effect passivation [27]. Corona charges were deposited on top of the Al2O3
coated substrates and subsequently the Seff,max and the corona charge density QC were measured. This
procedure was repeated several times to stepwise increase the total QC. That finally results in a plot of
Seff,max versus QC. In such a plot the chemical passivation is reflected by the peak height and the shape of
the Seff,max(QC)-plot. The field-effect passivation is indicated by the position of QC resulting in a maximum
value of Seff,max.
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Fig. 2. Effective surface recombination velocity Seff,max as a function of corona charge density QC for Al2O3 films synthesized by
ALD (330 cycles) at 300°C and annealed for 10 min in N2 atmosphere. (a) Seff,max(QC)-plots obtained after annealing at temperatures
indicated; (b) Related maximum Seff,max-values and Qf-values extracted from (a)

At this point the field-effect passivation is nullified and the magnitude of fixed charge density Qf is
about equal to the corona charge density, i.e. Qf = -QC. To obtain the Seff,max(QC)-plots for Al2O3 films
positive charges have to be deposited to nullify the effect of the incorporated negative fixed charge
density. The Seff,max(QC)-plots of Al2O3 films grown at 300°C and exposed to various anneal steps are
shown in Fig. 2-a. The negative Qf increased slightly from 2·1012 cm-2 to 4·1012 cm-2 for samples
annealed at 300 and 450°C, respectively. Therefore higher anneal temperatures slightly improved the
level of field-effect passivation. Concerning the chemical passivation, the maximum value of the
Seff,max(QC)-plots decreased with increasing TAnneal. After annealing at 300°C maximum values of Seff,max of
2250 cm/s were obtained whereas after an anneal step at 450°C a value of about ten times lower
(230 cm/s) was achieved. In addition it was observed that the peak shape became narrower when TAnneal
increased. The change of the maximum value of Seff,max(QC)-plots is shown as function of TAnneal in Fig. 2b. The Seff,max dependence on TAnneal for films deposited at 300°C could therefore be related to a significant
change in chemical and a minor change in field-effect passivation.
The surface passivation of the Cz Si substrates was compared to FZ wafers that were coated with
Al2O3 films with identical properties and prepared under the same conditions. By corona charging
experiments a difference in chemical passivation was observed. A higher maximum value of the
Seff,max(QC)-plots was found for the Cz substrates as shown in Fig. 3-a. However the initial Seff,max-values
before corona charging were quite similar with 9±1 cm/s and 11±1 cm/s, for Cz and FZ substrates,
respectively (Fig. 3-b). By inspection using optical microscopy a significantly rougher surface structure
was observed for the Cz substrates as shown in the inset in Fig. 3-a. From the rougher surface
morphology and from the higher maximum value of the Seff,max(QC)-plots it can be hypothesized that the
chemical passivation was lower for Cz substrates. However the quite similar Seff,max-values before corona
charging experiments revealed that the field-effect passivation mechanism is the dominating passivation
mechanism.
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Fig. 3. Effective surface recombination velocity Seff,max (a) as a function of corona charge density QC of ALD Al2O3 films grown at
300°C on Cz and FZ n-type Si substrates. The inset in (a) shows an optical microscopy image of a Cz wafer surface. (b) Initial
Seff,max-values obtained for the two types of substrates (before the corona charging procedure)

4. Conclusion
From a study of varying the deposition and anneal temperature of ALD Al2O3 films it was found that
the surface passivation quality decreases with increasing deposition temperature. Lowest Seff values are
achieved for ALD films grown at 200°C. Concerning the variation of annealing temperature an
improvement of surface passivation was found with increasing anneal temperature for films grown at 200
and 300°C. That improvement is related to a minor increase in field-effect passivation and a substantial
improvement in chemical passivation. In addition it was found that the field-effect passivation mechanism
could compensate the lower chemical passivation that was obtained for the passivation of Cz substrates
that had a rougher surface than FZ substrates.
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