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Aluminum acetylacetonate-based AlOx thin ﬁlms were introduced as a low-cost, high-quality passivation layers for crystalline
silicon solar cells. Films were formed by a spin coating method on p-type silicon substrates at 450°C in ambient air, O2, or water
vapor (H2O/O2) for 15 or 120 min. XPS analysis conﬁrms the AlOx formation and reveals a high intensity of interfacial SiOx at
the AlOx/Si interface of processed wafers. Ambient H2O/O2 was found to be more beneﬁcial for the activation of introduced
AlOx passivation ﬁlms which oﬀers high lifetime improvements with a low thermal budget. Carrier lifetime measurements
provides that symmetrically coated wafers reach 119.3 μs and 248.3 μs after annealing in ambient H2O/O2 for 15 min and
120 min, respectively.

1. Introduction
Reducing the production cost of Si solar cells is one of
the major issues in photovoltaic industries, and many
researchers have spent considerable eﬀorts to reduce the
material cost of silicon wafer which is a large part of the cost.
Hence, the decreased use of silicon wafer (namely, the use of
thin silicon wafers) provides a crucial solution for the
cost-reduction problem. On the other hand, the solar cells
of the thin silicon wafer have another serious problem in
which the conversion eﬃciencies are decreased due to the
carrier recombination dominantly at the surface region of
the silicon wafer. Fortunately, surface passivation becomes
one of the eﬀective ways to solve the problem [1]. Furthermore, in order to achieve higher conversion eﬃciency
(ﬁnally, to realize the theoretical eﬃciency limit) of front
junction silicon solar cell, the back surface passivation is a
key technology; the back surface ﬁeld induced from the
aluminum layer, which is formed by conventional screen
printing, must be improved with alternative passivation
layers with back surface ﬁelds and contact characteristics

[2–4]. Several passivation ﬁlms such as a-Si:H, SiNX, SiO2,
and AlOx [5–8] have been studied in use for silicon solar
cells. When applying SiO2 and SiNx to p+ emitters or local
back surface ﬁelds, high-density positive charges cause
strong parasitic shunting and lead to poor electrical characteristics of solar cell [9–11]. Therefore, passivation ﬁlms with
negative charges are needed for back surface passivation of
high-eﬃciency p-type solar cells and for p+ emitter passivation in n-type solar cells. Surface passivation with AlOx thin
ﬁlms with its excellent electrical properties is a suitable
candidate as the passivation layer with negative charge
eﬀects. The widely used techniques to form high-quality
AlOx passivation ﬁlms are atomic layer deposition (ALD)
[2, 12, 13] and plasma-enhanced chemical vapor deposition
(PECVD). However, apparatus costs are relatively expensive.
Moreover, the use of hazardous precursors including trimethyl aluminum (TMA) in an ALD process [12] and resulting toxic byproducts when using the PECVD technique is the
main drawback [14, 15]. On the other hand, AlOx-based
solutions [16, 17] which can be deposited by low-cost techniques including spin coating, spray pyrolysis, or screen
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Figure 1: XPS spectra of Al-acac-based AlOx formed in various ambients (H2O/O2, O2, and air): (a) wide spectrum (0-1000 eV) and (b)
expansion spectrum (55-175 eV).

printing can be one of the alternatives to form low-cost,
nontoxic AlOx passivation layers for the use of solar cell
applications. Investigations for the synthesis of such highperformance AlOx layers and adaptation of them to the solar
cell fabrication processes are crucial and still in demand.
In this work, spin coating aluminum oxide thin ﬁlms
based on aluminum acetylacetonate (Al-acac) were prepared
and were investigated as a quality passivation layer material
for p-type silicon substrates. Because the interface properties
of the AlOx ﬁlm with the silicon substrate are crucial for
high-quality passivation ﬁlms, a special attention was given
to the analysis of the interface, and the ambient eﬀect during
the activation process of the ﬁlms was investigated which can
signiﬁcantly aﬀect the resulting interface characteristics.
Characterizations were carried out mainly by X-ray photoelectron spectroscopy (XPS) measurements and carrier
lifetime studies by μ-PCD to determine the interface properties including the eﬀective ﬁxed charge density (Qeff ) changes
before and after the applied processes.

with the rotation speed of 4000 rpm, and coated samples
were dried at 125°C for 5 min. A symmetrical structure was
established by subsequent coatings on both sides of the
wafers. The thickness of AlOx thin ﬁlms was ~2.8 nm measured by spectroscopic ellipsometry (model: Gonio bench,
Sopra). Coated wafers were annealed in quartz furnace at
450°C in ambient air, O2, or water vapor (H2O/O2). The
annealing time was varied between 15 and 120 min.
The initial eﬀective lifetime estimation of cleaned silicon
wafers was carried out using μ-PCD (WT-1000B, Semilab).
Initial lifetimes of preprocessed wafers were around 10 μs.
Similarly, postannealing eﬀective carrier lifetimes of AlOxcoated wafers were also measured by μ-PCD. The interfacial
analysis of the AlOx-coated wafers was carried out by X-ray
photoelectron spectroscopy (XPS, XPS system at the
synchrotron of beam line 7b, NewSUBARU, University of
Hyogo). The energy oﬀset was calibrated using the C 1s
signal (284.8 eV). The cyclic voltammetry measurement was
performed with an LCR instrument (E4980A, Agilent) to
determine the Qeff .

2. Experimental
Aluminum acetylacetonate solution (Al-acac) was prepared by mixing of 0.486 g aluminum (III) acetylacetonate
(Al(CH3COCHCOCH3)3) (Wako Pure Chemical Ind. Ltd.)
with 50 mL ethanol and stirred for 1 hour which provides a 0.03 M of Al-acac solution. 25 mm × 25 mm-sized
10-50 Ω·cm p-type CZ-Si wafers (cut from 6-inch wafers)
were used as a substrate. Prior to the Al-acac deposition,
wafers were etched in acidic solution containing HF:HNO3
(1 : 5 in volume) for 5 min and dipped into the 10% HF solution for 1 min to remove the native oxide at the surface of the
substrate. Spin coating of Al-acac solution was performed

3. Results and Discussion
XPS measurements of Al-acac-based AlOx ﬁlms were carried
out and were analyzed. The XPS survey spectrum of the
Al-acac-based AlOx ﬁlms formed in various ambients
(H2O/O2, O2, and air) in 15 min is given in Figure 1(a) with
the highlighted peaks. Al 2s and Al 2p peaks can be conﬁrmed for each processed ambient in an expanded spectrum
in Figure 1(b).
Peaks corresponding to Al 2p were observed for all AlOx
layers formed in diﬀerent ambients at a binding energy of
~76 eV [18]. Figure 2 shows detailed spectra of Al 2p core
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Figure 2: XPS Al 2p core level spectra of Al-acac-based AlOx formed in ambient (a) H2O/O2 for 15 min, (b) H2O/O2 for 120 min, (c) O2 for
15 min, (d) O2 for 120 min, (e) air for 15 min, and (f) air for 120 min.

4
levels ((a, b) in H2O/O2; (c, d) in O2; and (e, f) in air).
Al 2p peaks were deconvoluted into the subpeaks representing Al-O and Al-OH bonds. The main contribution
was from Al-O bonds, and the side signal was Al-OH
bonds for all cases. Calculated area fractions of related
subpeaks of Al-O and Al-OH are given in Table 1. Considering the areas of Al-O peaks for Al 2p core levels,
these results show a clear elemental O and Al existence
and conﬁrm AlOx ﬁlms in nonstoichiometric ratios after
processed conditions.
The peak of Si 2p was measured as well, by scanning
around 98 to 106 eV by XPS measurement, and its decomposition was carried out in order to conﬁrm interfacial SiOx
formation at the AlOx/Si interface upon the activation of
AlOx ﬁlms. According to the ﬁtting of the peaks, the oxidation states of silicon can be observed in Figure 3, which is
composed of chemical states of bulk silicon (Si 2p3/2 and
Si 2p1/2) and of suboxide peaks including Si2O, SiO,
Si2O3, and SiO2 [19, 20].
Table 2 provides the calculated ratio of Si2O, SiO,
Si2O3, and SiO2 subpeaks and the resulting total SiOx
(Si3+ − O + Si4+ − O) ratio with respect to bulk silicon
(assuming Si 2p3/2 %+ Si 2p1/2 % = 100%).
The ratio of SiOx with respect to Si increased for all
annealing conditions (ambient of H2O/O2, O2, or air) by
increasing the annealing time. The highest ratios of SiOx were
observed after annealing in ambient H2O/O2 for both
annealing times of 15 min and 120 min than those of values
for ambient air or O2. The area ratios of interfacial SiOx were
61.89% and 77.33% for annealing of 15 and 120 min, respectively, for the case of ambient H2O/O2.
Figure 4 compares the carrier lifetime dependence of
AlOx-coated wafers processed in ambient H2O/O2, in ambient O2, and in ambient air, for 15 or 120 min. Lifetimes of
the wafers processed in ambient H2O/O2 were increased
signiﬁcantly than those of the wafers processed in ambient
O2 or in ambient air. Average lifetimes of 119.3 μs and
248.3 μs were achieved after annealing in ambient H2O/O2
for 15 and 120 min, respectively. In the case of annealing in
ambient O2, an average lifetime of 40.1 μs was achieved after
annealing for 15 min while a lifetime of 165.2 μs could be
achieved after 120 min of annealing. Similarly, average lifetimes of 69.5 μs and 218 μs were achieved after annealing in
ambient air for 15 and 120 min, respectively. It is noteworthy
that ambient H2O/O2 provides better results in both 15 min
and 120 min processing durations.
In carrier lifetime measurements by μ-PCD, free
electron-hole pairs under the illuminated area are generated
in the sample by an infrared semiconductor laser pulse. The
concentration of the carriers and the conductivity of the
sample change due to the generation and recombination of
the excited carriers, where the decaying of the conductivity
because of recombinations is measured by detecting the
microwave reﬂectivity by a measure of time [21]. Since some
carriers recombine in the bulk and some recombine near the
surface, carrier lifetimes could be improved after AlOx passivation owing to the reduction of surface recombination
velocity or, in other words, the reduction of recombination
rate of carriers on the surface of the wafers. Therefore,
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Table 1: The ratio of each bonding peak for each annealing
condition.
Time

Annealing condition Al-O area (%) Al-OH area (%)

15 min

H2O/O2
O2
Air

92.71
91.95
95.50

7.29
8.05
4.50

120 min

H2O/O2
O2
Air

92.08
93.25
88.44

7.92
6.75
11.56

lifetime improvements were mainly attributed to the eﬀect
of AlOx passivation and can be explained by the elimination
of the recombination centers including defects and dangling
bonds at or near the surface owing to the formation of
interfacial SiOx [22, 23]. The increase of SiOx at the interface increases the passivation quality and can reduce
dangling bonds by bonding of the oxygen atoms of SiOx
with negatively charged Al atoms [24]. Therefore, higher
average carrier lifetimes of silicon wafers annealed in
ambient H2O/O2 after the deposition of AlOx ﬁlms by
Al-acac solution can be related to the higher ratio of SiOx
at the Si/AlOx interface.
In order to investigate further, capacitance-voltage
(C-V) measurements (Agilent E4980A LCR meter) were
conducted at 1 MHz. Metal/insulator/semiconductor structures of <Au/AlOx/p-Si/Au> were prepared for C-V measurements with Al-acac-based AlOx ﬁlms as the insulator,
shown in Figure 5(a). Au was deposited by a thermal evaporation method. The eﬀective ﬁxed charge density (Qeff ) were
extracted from C-V measurements using the known methods
for high-frequency measurements [25]. Figure 5(b) presents
the comparison of resulting Qeff for each processing condition. Considering these results, a possible explanation for
the increase of carrier lifetimes after annealing for 120 min
can be the dominant ﬁeld eﬀect over the change of trapped
density when Qeff is greater than 1012 cm-2 [26]. In the case
of ambient O2, Qeff , O2 increases from -2 05 × 1012 cm-2
(annealing for 15 min) to -4 4 × 1012 cm-2 (annealing for
120 min).
These results show that carrier lifetimes and Qeff increase
by increasing the annealing duration. It is interesting to note
that although the highest Qeff values achieved when annealing were processed in ambient O2, the resulting carrier
lifetimes were lower than those of the annealing processes
held in ambient air or in ambient H2O/O2. These contradictory results may be due to the reaction of O2 with the silicon
surface that results in not only additional surface charge
densities but also surface recombination centers. In the case
of H2O/O2, on the other hand, owing to the emission of H
atoms on the silicon surface, the minority carrier lifetimes
can be higher despite of lower ﬁxed charge densities.
Considering these results cumulatively, one can conclude
that the quality passivation eﬀect of spin coating AlOx
ﬁlms could be obtained at the moderate annealing temperature of 450°C in relatively short annealing times (as low
as 15 min) when using ambient H2O/O2. Therefore, spin
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Figure 3: XPS Si 2p core level spectra with suboxides of Al-acac-based AlOx ﬁlms formed in ambient (a) H2O/O2 for 15 min, (b) H2O/O2 for
120 min, (c) O2 for 15 min, (d) O2 for 120 min, (e) air for 15 min, and (f) air for 120 min.

6

International Journal of Photoenergy

Table 2: The calculated ratio of silicon oxide subpeaks and total ratio of SiOx after annealing of AlOx ﬁlm in various ambients for 15 or
120 min; criteria are based on Si peak.
Annealing condition

Si+-O (%)

Si2+-O (%)

Si3+-O (%)

Si4+-O (%)

SiOx (Si3+ + Si4+ ) (%)

15 min

H2O/O2
O2
Air

18.35
10.69
10.78

11.18
2.63
3.28

5.19
1.00
0.55

56.70
31.15
33.52

61.89
32.15
34.07

120 min

H2O/O2
O2
Air

30.45
18.82
17.18

5.37
11.64
13.67

8.74
2.69
3.97

68.59
46.14
54.28

77.33
48.83
58.25
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Figure 4: Eﬀective carrier lifetime comparison of Al-acac-coated
silicon wafers after annealing in diﬀerent ambients (H2O/O2, O2,
and air) for 15 or 120 min at 450°C.

4. Conclusion
Cost-eﬀective and simple process spin coatable aluminum
acetylacetonate- (Al-acac-) based aluminum oxide ﬁlms were
introduced in this work. Carrier lifetime studies and XPS
analysis were carried out for the evaluation of the ﬁlms.
The passivation performance of Al-acac-coated and subsequently annealed silicon substrates in ambient H2O/O2 was
found to be more eﬀective than that in ambient O2 or ambient air. When annealing in ambient H2O/O2, the average lifetime reached around 119.3 μs after processing only for
15 min which can lower the thermal budget of the cell fabrication process. Higher lifetimes of wafers annealed in ambient H2O/O2 were attributed to the greater SiOx formation
at the Si/AlOx interface and conﬁrmed by XPS analysis. It
can be concluded that Al-acac-based spin coating AlOx ﬁlms
can be an attractive cost-eﬀective candidate as a passivation
layer for solar cell applications.

Qeﬀ (cm-2)

coating Al-acac-based AlOx ﬁlms can be a promising
low-cost and feasible alternative for the passivation of silicon substrates for crystalline silicon solar cell applications.
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Figure 5: (a) Schematic of the device prepared for C-V
measurement. (b) Eﬀective charge density of the annealed sample
in ambient H2O/O2, O2, and air for 15 or 120 min.
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