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Aluminum oxide �lms were deposited on crystalline silicon substrates by reactive RF magnetron sputtering. e in�uences of
the deposition parameters on the surface passivation, surface damage, optical properties, and composition of the �lms have been
investigated. It is found that proper sputtering power and uniformmagnetic �eld reduced the surface damage from the high-energy
ion bombardment to the silicon wafers during the process and consequently decreased the interface trap density, resulting in the
good surface passivation; relatively high refractive index of aluminum oxide �lm is bene�c to improve the surface passivation. e
negative-charged aluminum oxide �lm was then successfully prepared.e surface passivation performance was further improved
aer postannealing by formation of an SiO𝑥𝑥 interfacial layer. It is demonstrated that the reactive sputtering is an effective technique
of fabricating aluminum oxide surface passivation �lm for low-cost high-efficiency crystalline silicon solar cells.

1. Introduction

Surface passivation is still one of the most important
techniques to improve the performance of low-cost high-
efficiency industrial solar cells. ere are two different strate-
gies to achieve surface passivation, which are (i) reducing the
interface trap density by passivating dangling bonds with, for
example, H atomic or a thin dielectric �lm like SiO𝑥𝑥, which
is commonly referred to as chemical passivation, and (ii) so-
called �eld-effect passivation that a reduction of minority
carrier concentration is obtained by means of a built-in
electric �eld [1].

Recently, aluminum oxide �lm has demonstrated the
capability of providing excellent surface passivation on both
p-type and low-resistivity n-type surfaces of silicon wafers
and solar cells [2–10] by its high density of �xed negative
charge, which is one of the special characteristics of the
aluminum oxide �lm. �o activate the surface passivation of
aluminumoxide �lm, a postannealing has to be accomplished
subsequently to deposition processes regardless of the depo-
sition techniques. A very thin layer of SiO𝑥𝑥 is proved to exist
at silicon interface [5]. is SiO𝑥𝑥 interfacial layer is crucial
to form the �xed negative charge, as well as to diminish the

density of interface traps, which are the two approaches to
realize excellent passivation.

Among the multifarious techniques adopted to fabricate
aluminum oxide �lm, atomic layer deposition (ALD) has
turned out to be a technique providing outstanding surface
passivation to laboratory high-efficiency solar cells [4, 11].
However, the low deposition rate and high cost facilities of
ALD technique limit its application in large-scale production
[1, 4]. We thus proposed a novel method using RF mag-
netron sputtering coater which is assured to overcome both
shortcomings of ALD technique. As the surface passivation
of reactive sputtered aluminum oxide �lm is mainly limited
by high interface traps density while �xed negative charge of
sputtered �lms is similar to that deposited by ALD [7, 9, 10],
proper sputtering parameters, proper sputtering power, for
instance, can reduce the surface damage caused by high-
energy ions bombardment during the process and result in
the reduction of interface trap density.

In the present study, we varied the RF sputtering power
during the sputtering of aluminum oxide �lms.e minority
carrier lifetime was measured to investigate the surface
passivation performance. Besides, photoluminescence (PL),
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T 1: e deposition rate of different sputtering powers mea-
sured by n&k Analyzer 1200.

Power (W) Deposition rate (nm/min)
600 4.862
800 6.893
1000 8.997
1200 11.256
1400 12.678
1600 14.288

refractive index, and XPS were also implemented to charac-
terize the properties of the aluminum oxide �lms.

2. Experimental Details

A batch of 125 × 125mm2 (100) Czochralski p-type silicon
wafers with resistivity of 1–3Ω cm was prepared. e wafers
underwent a 5min saw-damage etching, HF dip, and deion-
ized water rinse prior to the RF deposition. e aluminum
oxide �lms were deposited in an RF magnetron sputtering
coater equipped with an O cathode and H
electronic PFG 5000 RF power supplies. e cathode is con-
�gured with a planar annular permanent magnetic source.
A 99.99% aluminum target, which is 100mm in radius and
5mm in thickness, was reactively sputtered with 1 sccm of
O2 and 10 sccm of Ar at a pressure of 0.6 Pa. e RF power
varied from 600 to 1600W, with DC self-bias voltages around
170–220V.e deposition rate at different sputtering powers
is tabulated as Table 1. All of the samples were deposited
about 50 nm of aluminum oxide �lms on both sides of
the wafers at room temperature, to create a symmetrical
lifetime structure for minority carrier lifetime testing. And
a postannealing was performed in a quartz tube furnace at
500∘C in a N2 ambient for 30min.

Minority carrier lifetime of the samples was measured
by means of microwave photoconductivity decay (𝜇𝜇-PCD)
using a SemilabWT2000 to obtain the mappings of minority
carrier lifetime. e PL images were taken to analyze the
surface damage to the wafers sputtered at different sputtering
powers by using a 3i systems corporation FL-B01 EL&PL all-
in-one tester. To characterize the aluminum oxide thin �lms,
the refractive indices of the �lms were measured with an
n&k Technology n&k Analyzer 1200. ESCALAB 250 X-ray
photoelectron spectroscopy (XPS) system was performed to
analyze the element composition and the atom ratio in the
thin �lms.

3. Results and Discussion

3.1. Effect of Surface Damage on Surface Passivation. Minor-
ity carrier lifetime mappings are shown in Figure 1 and
reveal that the minority carrier lifetime distributions of these
passivated CZ wafers are nonuniform. For the planar annular
permanent magnetic source, it is observed that, as the power
increased, the higher minority carrier lifetime areas spread
along the cyclic annular region where the density of magnetic

line of force is higher and distribution ismuchmore uniform,
thus the sputtering processes the most frequently and regu-
larly. Comparing the minority carrier lifetime mappings with
their corresponding PL images in Figure 1, it is found that the
higher minority carrier lifetime regions are much brighter in
all the samples, which shows that these regions get less surface
damage from high-energy ions during sputtering.

Figure 2 shows the varying sputtering power during
the deposition process in order to achieve the correspond-
ing minority carrier lifetime averaging over the wafer area
according to Figure 1, as well as the relationship between
the power and the maximum values of the minority carrier
lifetime measured with WT2000 for all the samples. It
is indicated that the sample deposited by RF magnetron
sputtered aluminum oxide at 1000W has the highest average
lifetime 29.443 𝜇𝜇s, and the maximum lifetime reaches up to
134.59 𝜇𝜇s, while the other average lifetime is just around or
below 10 𝜇𝜇s, and the maximum lifetime is less than 50𝜇𝜇s. As
shown in the PL image in Figure 1(c), the brightest region
in all the samples spreads in the annular region where the
highest minority carrier lifetime locates.

us, the proper sputtering power and uniformmagnetic
�eld reduce the surface damage from high-energy ion during
sputtering, consequently reduce the interface trap density,
and result in better passivation quality.

3.2. Effect of Optical Properties on Surface Passivation. e
refractive index of the �lm, to a certain extent, indicates the
thin �lm quality. So establishing the relationship between
the refractive index of aluminum oxide �lm to the minority
carrier lifetime is useful to �gure out how the thin �lm quality
in�uences the surface passivation. As shown in Figure 3, it is
illustrated that the trend of refractive index is approximately
consistent with the minority carrier lifetime. e largest
refractive index is 1.584 at the sputtering power of 1000W,
where the highest minority carrier lifetime is achieved. But
it is lower than 1.65, which is commonly referred to as the
refractive index of amorphous Al2O3 [9].

Figure 4 reveals the minority carrier lifetime and the
refractive index as a function of the radius of the wafer
passivated by RF sputtering aluminum oxide at 1000W and
aer a 30min postannealing at 500∘C in N2 ambient. e
green curve is the line scan of minority carrier lifetime
mapping along the dashed line as shown in Figure 1(c).
It is obtained that the highest minority carrier lifetime
locating in the radius of around 50mm is nearly 75 𝜇𝜇s. e
refractive indices which weremeasured along the dashed line
in Figure 1(c) at the radius of 0, 25mm, 50mm, 65mm,
75mmand plotted in Figure 4 demonstrate that the refractive
indices of the �lm are also approximately consistent with the
minority carrier lifetime, the same as the situation discussed
previously. We obtained the largest refractive index 1.584 at
the radius of 50mm where the best result of minority carrier
lifetime is achieved.

With respect to the previous discussion, it is likely to
indicate the larger refractive index of the aluminum oxide
�lm conductingmuch compacter structure and better quality
of the �lm that is considerably more helpful to form �xed
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(a) 600 W (b) 800 W (c) 1000 W (d) 1200 W (e) 1400 W (f) 1600 W

F 1: Minority carrier lifetime mappings and PL images of 125 × 125mm2 CZ wafers passivated by RF magnetron sputtered aluminum
oxide at different sputtering powers and aer a 30min postannealing at 500∘C in N2 ambient. Upper row: minority carrier lifetimemappings.
Lower row: PL images.
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F 2:e average andmaximumminority carrier lifetime of the
wafers areas as related to the sputtering powers according to Figure
1.

negative charge and reduce interface trap density as well. And
the high minority carrier lifetime is obtained as a result.

3.3. Effect of Composition on the Film Structure. An XPS
depth pro�le measurement of the aluminum oxide �lm
deposited at 1000W RF power and aer annealing at 500∘C
for 30min in N2 ambient was made in order to determine the
chemical composition distribution across the �lm thickness
and to analy�e the interface between the �lm and Si substrate
according to the etch time. e O/Al ratio of the deposited
�lm shown in Figure 5 is around 2.0, larger than the Al2O3
stoichiometry that is 1.5, which probably results in the lower
refractive index 1.584 than that of amorphous Al2O3 1.65.

Figure 6(a) shows the change in the Si 2p XPS spectra
of the aluminum oxide �lm sputtered by 1000W RF power
as deposited and aer 30min of annealing at 500∘C in N2
ambient which were detected at the etch time of 780 s. e
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F 3:e relationship between theminority carrier lifetime and
the sputtering power to the refractive index of the aluminum oxide
�lms.

Si0 peaks attributable to the p-type Si substrate are observed
at 99 and 99.5 eV for both spectra; broad peaks appearing
in the range from 101.5 to 105 eV are related to various
Si compound �tted by synthetic peak model illustrated in
Figure 6(b) and are characteristic of SiO𝑥𝑥 formation for the
core-level energy 103.3 eV of Si4+ component corresponding
to SiO2. For the annealed aluminum oxide �lm, the counts of
the broad peak representing the SiO𝑥𝑥 formation from 101.5
to 105 eV increase, indicating that more SiO𝑥𝑥 formed at the
interfacial layer and improved the level of surface passivation
aer postannealing.

As it has been reported in the literatures [2–10], the
SiO𝑥𝑥 interfacial layer is crucial to form �xed negative charge
and reduce interface trap density. For the good surface
passivation performance obtained by sputtering aluminum
oxide �lm at 1000W aer postannealing, it proposes the
evidence that the SiO𝑥𝑥 exists in the interfacial layer between
aluminum oxide and Si substrate, which ultimately leads to
the high level of surface passivation.e vertical dashed lines
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F 4: e minority carrier lifetime and the refractive index
as related to the radius of the wafer passivated by RF sputtering
aluminum oxide at 1000W and aer a 30min postannealing at
500∘C in N2 ambient.
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F 5:e �PS element composition depth pro�le of a sputtered
aluminum oxide �lm at the power of 1000W and aer postanneal-
ing at 500∘C inN2 ambient for 30min as related to the etch time.e
vertical dashed linesmark the approximate location of the interfacial
layer between the aluminum oxide �lm and Si substrate.

as shown in Figure 5 mark the approximate location of the
SiO𝑥𝑥 interfacial layer between the aluminum oxide �lm and
the Si substrate.

It is known that ALD techniques including thermal ALD
and plasma-assistedALDprovide the best surface passivation
by depositing aluminum oxide, but ALD techniques are
not the best methods for the industrial solar cells produc-
tion, because the deposition rate of ALD is limited below
2 nm/min [12]. Recently, it is proposed a spatial ALD concept
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F 6: (a) e Si 2p �PS spectra of the aluminum oxide �lm
sputtered at 1000W RF power as-deposited and aer 30min of
annealing at 500∘C in N2 ambient which were detected at the etch
time of 780 s. (b) Si 2p core-level spectrum �tted by using a synthetic
peak model for the aluminum oxide �lm sputtered at 1000W and
aer postannealing.

with deposition rate of up to 70 nm/min [13] carried out in
the spatial domain, while the conventional ALD cycles are
carried out in the time domain. But the extremely expensive
facilities are still the restriction of spatial ALD application in
industrial solar cells production.

On the contrary, the RF magnetron sputtering of 50 nm
of aluminum oxide thin �lm requires less than six minutes by
the laboratory system in this study (see Table 1; the deposition
rate of 1000W sputtering power is 8.997 nm/min). As it is
reported that the thickness of aluminum oxide �lm can be
less than 30 nm [2, 4], the deposition of aluminum oxide
thin �lm can be faster, more uniform, and over larger areas
in industrial setup, for example, magnetron sputtering array
system. e low cost of the sputtering equipments and the
outstanding surface passivation performance indicate that
the reactive RF sputtering has an enormous potential for a
transfer of aluminum oxide passivation technique into low-
cost high-efficiency solar cells production, which is the most
important approach for industry to get through the present
crisis of heavy overcapacity and demand compression. We
have analy�ed the in�uence of sputtering power on the
surface passivation of reactive RF sputtered aluminum oxide.
Other sputtering parameters will continue to be investigated
with further research; it is necessary for introducing the
technique to the industrial solar cell manufacturing.

4. Conclusions

As we revealed in this paper, proper sputtering power and
uniformmagnetic �eld produce less surface damage towafers
that is helpful to reduce the interface trap density; relatively
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high refractive index aluminum oxide �lm is much more
conducive to improve the surface passivation performance;
the formation of the SiO𝑥𝑥 is detected at the interfacial layer
aer postannealing that is vital to achieve good surface passi-
vation by RF magnetron sputtered aluminum oxide �lm. We
summarized that the proper sputtering parameters and for-
mation of the SiO𝑥𝑥 interfacial layer are crucial to determine
the surface passivation performance provided by reactive
RF magnetron sputtered aluminum oxide �lm, including
the sputtering power, working pressure, and postannealing
technique. Furthermore, as RF magnetron sputtering meets
both requirements of low cost of facilities and high rate of
deposition, it is an effective method of surface passivation
and quite suitable for low-cost high-efficiency solar cells
manufacturing.
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