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Surface passivation performances of Al2O3 layers deposited on p-type Czochralski Si wafers by atomic layer
deposition (ALD) were investigated as a function of post-deposition annealing conditions. The maximal
minority carrier lifetime of w4.7 ms was obtained for Al2O3 passivated p-type Si. Surface passivation
mechanisms of Al2O3 layers were investigated in terms of interfacial state density (Dit) and negative fixed
charge densities (Qfix) through capacitanceevoltage (CeV) characterization. High density of Qfix and low
density of Dit were needed for high passivation performances, while high density of Dit and low density of Qfix

degraded the passivation performances. A low Dit was a prerequisite to benefit from the strong field effect
passivation induced by high density of negative fixed charges in the Al2O3 layer.
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1. Introduction

The high cost of solar photovoltaic (PV) panels is a major
deterrence to themarket penetration of the technology. Therefore, it
is highly desirable to improve the solar cells efficiency and reduce
the thickness of the Si wafers in c-Si solar cells, which results in the
decrease of the cost per watt. With the reduction of the thickness of
crystalline silicon (c-Si) wafer, surface passivation is getting
increasingly important. Conventionally, screen printed aluminum
back surface field (Al-BSF) is applied to the c-Si solar cell flow[1].
However, Al-BSF only shows a moderate passivation quality with
typical rear surface recombination velocities (Srear) ranging from
200 to 1000 cm/s and a low internal reflectivity Rback ofw70%[2].
Optimization of the screen-printing steps with the reduced finger
width and the improved Al-BSF would be the main approaches to
improve the efficiency[3]. Since the excellent surface passivation is
essential for high-efficiency solar cells, passivated emitter and rear
locally diffused (PERL) or passivated emitter and rear cell (PERC)
concepts have been proposed to get a high solar cell efficiencywith
dual Si surface being effectively passivated. A wide range of ma-
terials have been adopted for surface passivation applications, such
as a-SiNx

[4], SiO2
[5], a-Si[6] and a-SiCx

[7]. A record efficiency of
25% has been realized on c-Si solar cells with a thermally grown
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SiO2 passivated rear surface[5]. While in recent years, aluminum
oxide (Al2O3) has attracted much attention as a next generation
material for surface passivation. Thanks to a high density of nega-
tive fixed charges stored at the interface region, excellent field-
effective passivation performances have been observed on both
lightly and highly doped p- and n-type c-Si surfaces[8e11]. A high
efficiency of 23.2% has been obtained by passivating front side
boron emitter for n-type PERL cell[12,13]. At least two mechanisms
would result in the improvements of the passivation perfor-
mances[2,14], such as: (i) interfacial state density (Dit), (ii)field effect
passivation, that is, a strong reduction of one type carrier by
incorporating fixed charge (Qfix) in the interface. As an effective
method, an additional post-deposition annealing (PDA) is also
required to activate the surface passivation after depositing Al2O3

on Si surface. The passivation mechanisms have been studied by
optical second-harmonic generation (SHG), corona charging
experiment, capacitanceevoltage measurements and electron
paramagnetic resonance, etc[15e17]. Though there are reports on the
temperature-dependent passivation performance of Al2O3 thin
films on c-Si surface, the detail passivation mechanisms of Al2O3

thin films are still required to be studied. In our previous work[11],
both antireflectance and surface passivation performances were
addressed for Al2O3 thin films, while the detailed reasons for sur-
face passivation performances have not been discussed. In this
work, effective minority carrier lifetime of the Al2O3 thin films
passivated c-Si has been characterized. The passivation perfor-
mances have been studied and have been correlated with negative
fixed charges (Qfix) and interfacial state density (Dit). The results
indicate that the passivation performances of Al2O3 thin films
depended greatly on Dit when Qfix is high.
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2. Experimental

Boron-doped p-type Czochralski single crystalline silicon (c-
Si) wafers (shiny-etched, (100)-oriented, 400 mm thick, 30 U cm,
15 cm in diameter) purchased from QL Electronics Corporation
were used as the substrates. Before experiments, the wafers were
cleaned using RCA method and followed by a diluted HF dip to
remove the native oxide layer. Al2O3 thin films were deposited
by using Al(CH3)3 (TMA) and water as precursors in a thermal
atomic layer deposition (ALD) reactor (Lucida� D200B, NCD
Technology, Korea) at 200 �C with a 100 sccm background flow
of N2. A cycle of the reaction consisted of a 0.3 s injection of
TMA vapor followed by 7 s N2 purge and a 0.1 s injection of
H2O vapor followed by 7 s N2 purge. The deposition rate is
estimated to be around 0.125 nm/cycle. ALD process is based on
sequential, self-limiting surface chemical “half-reactions”[18,19].
The surface chemistry during ALD Al2O3 can be described as:

AlOH� þ AlðCH3Þ3/AlOAlðCH3Þ�2 þ CH4 (1)

AlCH�
3 þ H2O/AlOH� þ CH4 (2)

where the asterisk designates the surface species. Themain driving
force for the efficient reactions is the formation of a very strong
AleO bond. Therefore, Al2O3 film thickness could be controlled
accurately by controlling the number of reaction cycles. It
should be noted here that there are some residual AleOH*

bonds during the reaction. OeH bonds would be easily broken,
resulting in the interstitial H atoms within the Al2O3 matrix.
Such H atoms play an important role in the passivation
performance. In order to measure the effective minority carrier
lifetime (seff), clean c-Si wafers were coated by 30 nm Al2O3

films symmetrically as lifetime sample and were annealed at
different temperatures in atmosphere ambient. These samples
were characterized by microwave photoconductivity decay (m-
PCD) method taken by Semilab WT-2000PVN lifetime tester.
The excess carriers were generated by a 200 ns laser pulse with
a wavelength of 904 nm and a spot size of 1 mm2. The
maximum achieved minority carrier lifetime (seff) was
investigated. The minority carrier lifetime (seff) depends on both
bulk minority carrier lifetime (sbulk) and surface recombination
velocity Seff, shown as follows[20]:

1
seff

¼ 1
sbulk

þ 2Seff
W

(3)

where W is the wafer thickness. When the bulk minority carrier
lifetime is assumed to be infinite, the calculated Seff value marks
an upper limit to the effective surface recombination velocity.
Spectroscopic ellipsometry was employed to obtain the thick-

ness of Al2O3 films on shiny-etched Si. For electrical measure-
ments, copper electrodes were evaporated through shadowmasks.
Sputtered Al layer was used as the metal rear side contact of the
metal-oxide-semiconductor (MOS) structure. Capacitancee
voltage (CeV, 1.0 MHz) characterizations were performed by
using a Keithley 4200 SCS semiconductor parameter analyzer.
Fig. 1 Effective minority carrier lifetime (seff) and effective surface
recombination velocity (Seff) for p-type Si passivated by 30 nm
Al2O3 PDA treated at temperature (Ta) ranging from 300 to
600 �C with PDA time of 2 and 5 min.
3. Results and Discussion

To activate the passivation performance, a series of post-
deposition annealing (PDA) at different temperatures for
different times were carried out. Fig. 1 shows the effective mi-
nority carrier lifetime (seff) and the surface recombination ve-
locity (Seff) of p-type c-Si wafers passivated by 30 nm Al2O3.
For original c-Si wafer, the seff was measured to be w6 ms and
the Seff was estimated to be w3200 cm/s (not shown in Fig. 1).
After depositing a 30 nm-thick Al2O3 layers, a higher seff of
w900 ms is obtained, corresponding to a lower Seff of w21 cm/s
(not shown in Fig. 1). The results show that the effective mi-
nority carrier lifetime is improved when the Al2O3 thin films is
deposited on c-Si surface. To study the full potential and the
thermal stability of the surface passivation performances of
Al2O3 layers, the lifetime samples were exposed to PDA at
temperature (Ta) ranging from 300 to 600 �C with PDA time of 2
and 5 min. A flash annealing was also performed at 900 �C for
3 s. The annealed films affords a high level of surface passivation
with Seff < 10 cm/s for annealing temperature between 350 and
550 �C with annealing time of 2 and 5 min. Extremely low Seff
values are obtained at Ta ¼ 350 �C, i.e., Seff of w4.0 cm/s with
seff of 4.7 ms and w6.8 cm/s with seff of 2.8 ms for PDA time of
5 and 2 min, respectively. Though, there is a decrease in seff for
PDA temperatures above 350 �C, it keeps high above 2 ms for
PDA temperature below 550 �C. In addition, with PDA tem-
peratures ranging between 300 and 550 �C, PDA treatments for
5 min result in the improved passivation performance as
compared to PDA treatments for 2 min. Such improvements are
due to the decreased Dit and the increased Qfix. While for PDA
temperature at 600 �C, the degraded passivation performance is
observed for 5 min as compared to that for 2 min. The flash
annealing at 900 �C for 3 s yields a moderate level of surface
passivation performance with a Seff of w160 cm/s
(seff ¼ 120 ms) (not shown in Fig. 1). Such passivation degra-
dations are due to the deteriorated interface properties.
To investigate the underlying mechanisms for the Al2O3

passivation performances, we studied the electrical behaviors of
the PDA treated Al2O3 films with CeV characterizations at
1.0 MHz at room temperature. Fig. 2 shows the CeV curves.
Voltage was swept from �0.5e3 V, and then back. Taking the
work function difference (Fms) between copper electrode and Si
substrate to be �0.5 eV, big positive shifts in CeV curves are
observed for all the samples. Such big positive shifts indicate the
presence of negative Qfix with high densities within Al2O3 thin
films.
Qfix in Al2O3 layer could be determined from flat-band voltage

(VFB) by using the following relationship[11]:



Fig. 2 Normalized CeV curves of MOS structures with Al2O3 films on
p-type Si substrates measured at 1.0 MHz: As-deposited, PDA at
300, 350, 400 and 450 �C for 5 min and flash annealed at 900 �C
for 3 s.
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Qfix ¼
�
Fms

q
� VFB

�
εAl2O3ε0

d
(4)

where Qfix, q, d, εAl2O3 and ε0 are the fixed charge density,
elementary charge, thickness of Al2O3, dielectric constant of
Al2O3 and permittivity of vacuum, respectively. Dit was
estimated by Lehovec’s method from the flat-band voltage
condition of CeV characteristics[21]:

Dit ¼ ðCi � CFBÞCFB

3
��ðdC=dV ÞFB��$qkTA� C2

i

ðCi � CFBÞAq2 (5)

where CFB, (dC/dV)FB and Ci are the capacitance at flat-band
voltage, the partial derivative of capacitance at flat-band
voltage and the capacitance at the accumulate region,
respectively.
Fig. 3 illustrates the Qfix and Dit extracted from CeV curves

shown in Fig. 2. It could be seen from the figure that there is a
high density of negative Qfix in the order of w1012 cm�2. In our
case, Al2O3 thin films were deposited using Al(CH3)3 (TMA)
and water as precursors. The reaction between TMA and water
would result in the interstitial H atoms and AleOH bonds within
the Al2O3 matrix. Peacock and Robertson[22] indicated that
interstitial H within Al2O3 would act as a deep trap site for
electrons. Therefore, the existence of interstitial H in Al2O3

would result in the negative fixed charges within Al2O3. The
maximum Qfix is obtained for the 450 �C annealed sample with
Fig. 3 Dit and Qfix of the as-deposited and annealed samples passivated
by 30 nm Al2O3 films.
the value of about �5 � 1012 cm�2, while the lowest Qfix is
obtained for the PDA sample at 300 �C with the value of
about �3 � 1012 cm�2. Though there are small changes in Qfix,
the big changes take place in effective minority carrier lifetime
(seff), as shown in Fig. 1. Therefore, the density of Qfix will not
determine the passivation performance when it arrives at the
order of w1012 cm�2. The Dit behaviors would explain the
effective minority carrier lifetime (seff) behaviors. It could be
seen from Fig. 3 that there is a high density of Dit in the order of
w1012 cm�2 eV�1. For the as-deposited sample, though a high
density of Qfix exists, Dit is relatively high of
w6.5� 1012 cm�2 eV�1, which results in a low seff ofw900 ms.
While for PDA samples with PDA temperatures between 350
and 400 �C, a significant decrease in Dit to the value of
w3 � 1012 cm�2 eV�1 results in the improved passivation
performance. At these temperatures, H atoms will be released
from AleOH bonds produced during the ALD process and will
arrive at Al2O3/Si interface and passivate the dangling bonds
partially at the Si surface, which results in the decreased Dit.
While a higher PDA temperature would result in the deteriorated
Dit and therefore the deteriorated seff. For the flash annealed
sample, though there is a high Qfix in the order of 1012 cm�2, Dit

increases to a high value ofw7 � 1012 cm�2 eV�1 which results
in the deteriorated seff. The results here indicate that Dit would
determine the passivation performance when it arrives at the
order of w1012 cm�2 eV�1 with a high Qfix in the order of
1012 cm�2.
The above results indicate that Qfix and Dit would interact

between each other in terms of passivation performance. To
illustrate the relations among Qfix, Dit and seff more clearly, a
series of samples have been prepared to supply more data. A
contour map, including Qfix, Dit and seff is plotted in Fig. 4. The
contour map clearly illustrates that both Qfix and Dit have a
significant impacts on seff. The figure of merits would be the high
density of Qfix and low density of Dit for high passivation per-
formance. High density of Dit and low density of Qfix degrade
the passivation performance. In addition, high density of Qfix can
offset negative effects by the high density of Dit on the passiv-
ation performance. Fig. 4 also indicates that a density of negative
charges in the order of w1012 cm�2 is not sufficient for an
effective field effect passivation. A low density of Dit is the
prerequisite to get an effective field effect passivation.
Fig. 4 Contour map of Qfix, Dit and minority carrier lifetime (seff).
Black points show the experimental results.
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4. Conclusion

Al2O3 layers were deposited by thermal ALD on p-type c-Si
wafers. Surface passivation performances were studied as a
function of post-deposition annealing conditions. The maximal
minority carrier lifetime ofw4.7 ms was obtained for Al2O3 thin
films passivated p-type Si. Surface passivation performances of
Al2O3 films were correlated with negative fixed charges (Qfix)
and interfacial state density (Dit). The high density of Qfix and
low density of Dit were needed for high passivation performance,
while the high density of Dit and low density of Qfix would
degrade the passivation performance. A low Dit was a prereq-
uisite to benefit from the strong field effect passivation induced
by the high density of negative fixed charges in Al2O3 films.
Interstitial H within Al2O3 resulted in the negative fixed charges,
while the Si dangling bonds passivated partially by H atoms
resulted in the decreased Dit, which leaded to the high passiv-
ation performances.
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