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The thermal and ultraviolet (UV) stability of crystalline silicon (c-Si) surface passivation provided
by atomic layer deposited Al,0O; was compared with results for thermal SiO,. For Al,O; and
Al,05/a-SiN,: H stacks on 2 ) cm n-type c-Si, ultralow surface recombination velocities of S ¢
<3 cm/s were obtained and the passivation proved sufficiently stable (S.;<<14 cm/s) against a
high temperature “firing” process (>800 °C) used for screen printed c¢-Si solar cells. Effusion
measurements revealed the loss of hydrogen and oxygen during firing through the detection of H,
and H,0. Al,O; also demonstrated UV stability with the surface passivation improving during UV
irradiation. © 2009 American Institute of Physics. [doi:10.1063/1.3264572]

Al,0O5 synthesized by atomic layer deposition (ALD)
provides a high level of surface passivation for p- and n-type
crystalline silicon (c-Si)."” The field effect passivation asso-
ciated with the negative fixed charges near the Al,O3/c-Si
interface,” proved to be especially beneficial for the passiva-
tion of highly doped p-type c¢-Si, with Al,O; even outper-
forming thermally grown Si02.3 The application of a thin
Al,Oj5 film as a front passivation layer on a B-doped emitter
has recently led to efficiencies as high as 23.2% for n-type
¢-Si solar cells.* For the implementation of Al,05-based pas-
sivation schemes in high-volume manufacturing of c¢-Si solar
cells, the compatibility of Al,O3 with high temperature pro-
cessing steps becomes a key issue. For example, a good ther-
mal stability against high temperature “firing” processes of
metal contacts is required for screen-printed solar cells.
Research efforts on various passivation schemes have
already shown that optimized a-SiNX:H,5 a-SiCX:H,6
Si0,/a-SiN,:H,”” SiO,/a-SiN,:H/Si0,,'" and a-Si:H/
a-SiN,: H" generally outperform SiO,/ SiOX,9 a-Si:H,'"? and
a-Si:H/ SiOx13 layers in terms of thermal stability. Also, the
stability of the passivation scheme against ultraviolet (UV)
irradiation is essential when the material is applied on an
illuminated surface. In this communication, the thermal and
UV stability of Al,O; and Al,O3/a-SiN,:H stacks will
therefore be addressed on the basis of lifetime spectroscopy
experiments. The results will be compared with those ob-
tained for thermal SiO,, as Al,O3 is a potential alternative
for solar cell applications where SiO, would usually be con-
sidered.

The Al,O; films were synthesized by remote plasma
ALD by a process that consisted of alternating steps of
Al(CHj;)5 dosing and O, plasma oxidation. Two Oxford in-
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struments reactors, the FlexAL"™ and the OpALTM, were used
for deposition at operating pressures of 16 and 150 mTorr
and ALD cycle times of 4 and 7 s, respectively. The fact that
the optimized Al,O5 deposition process for the FlexAL " was
readily adapted and transferred to the newly installed
OpALTM reactor without any differences in material and sur-
face passivation properties clearly demonstrates the robust-
ness of the ALD process. Al,O5; with a thickness of 30 nm,
unless stated otherwise, was deposited on both sides of low
resistivity (~2 ) cm) n- and p-type double-side polished
floatzone (100) c-Si wafers, which received a short dip in
diluted HF (1%) prior to deposition at a temperature of
~200 °C. The Al,O5 passivation was activated by a post-
deposition anneal at 425 °C for a 30 min time interval in N,
environment. The thermal stability of the Al,O; and
Al,O3/a-SiN,:H stacks was tested by carrying out a so-
called “firing” process in an industrial beltline furnace,
reaching peak temperatures >800 °C for a number of sec-
onds. The same recipe as that for contact firing during solar
cell processing was used but without the metal paste applied.
The a-SiN,:H, in brief SiN, was grown by remote plasma-
enhanced chemical vapor deposition at temperatures of
~400 °C. The SiN films, with a thickness of ~70 nm, were
optimized for antireflection coating performance. For refer-
ence, c-Si wafers were passivated by ~200 nm SiO, films
grown by a wet thermal process in a tube furnace. When
applied, forming gas anneals (FGAs, 10% H, in N,) took
place at 400 °C for 30 min. The effective lifetime of the
minority carriers (7.;) was determined using a Sinton life-
time tester. The upper limit for the surface recombination
velocity (Segrmax) Was calculated from 7. by assuming an
infinite bulk lifetime and is quoted at an injection level of
1x10" em™.

The impact of SiN deposition, postdeposition anneal,
and firing on the surface passivation by Al,O; is shown for a
representative selection of n-type c¢-Si samples in Table I.
Sample D coated with Al,O53/SiN exhibits a high lifetime
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TABLE I. 7. and corresponding S, .y for various ~275 um thick 2 ) cm n-type c-Si samples passivated
by Al,O; or Al,O3/SiN stacks after the successive processing steps indicated 1-3. A dash means that the

process step was not carried out.

1) After annealing

2) After firing 3) After annealing

Teff Seff,max Teff Sefﬂmax Teff Seff,max
Sample (ms) (cm/s) (ms) (cm/s) (ms) (cm/s)
A) ALO4 1.6 8.6 1.5 9.2 1.0 13.8
B) Al,04 5.2 2.6 1.0 13.8 1.5 9.2
C) Al,O; - - 1x1073 1.4x10* 1X1073 1.4x10*
D) AL,O5/SiN * - - 1.0 13.8 0.6 22.9
E) Al,O;/SiN 5.0 2.8 1.2 11.5 1.7 8.1

“After deposition of the SiN capping layer, this sample revealed 7,;=4.6 mS (S ma=3.0 cm/s).

>4 ms without any postdeposition anneal. As remote
plasma ALD Al,O5 does not provide surface passivation in
the as-deposited state, reflected by lifetimes of the order of
1-10 wus, it can be concluded that the thermal budget during
subsequent SiN deposition was sufficient to activate the sur-
face passivation by Al,O5. Sample E was annealed after the
SiN deposition, and comparable low values of S
<3 cm/s were obtained as for sample D. Samples A and B,
which were passivated by Al,Os, exhibit the same level of
surface passivation as the Al,O3/SiN coated wafers. These
results lead to the conclusion that the deposition of a SiN
capping layer does not compromise the quality of the Al,O5
surface passivation, which is in agreement with the excellent
performance of solar cells incorporating Al,O3/SiN stacks.”

Subsequently, the samples were exposed to the high tem-
perature firing step. The effective lifetime of sample B
(A1,03) and samples D and E (Al,05/SiN) decreased during
firing, but remained in the millisecond range. The lifetime of
sample A remained constant during firing, which could indi-
cate that, for this sample, bulk recombination instead of sur-
face recombination largely determines the effective lifetime.
From these observations, we infer that a SiN capping layer
does not increase the already good thermal stability of the
Al,Oj5 passivation scheme, which contrasts with observations
for a-Si:H and SiO, passivation schemes.™ ™" Values of
Settmax < 14 cm/s after firing Al,O; suggest that surface re-
combination will not be the efficiency limiting step for solar
cells that combine Al,O5 passivation and screen printed met-
allization as recombination in the metalized area will
dominate.'* The firing stability of Al,O5 with a metal layer
atop however still needs to be investigated.

Sample C, without postdeposition anneal and with a life-
time in the us-range, demonstrates that the firing process
does not activate the Al,O5 surface passivation. Also, a sub-
sequent anneal did not improve the measured lifetime. An-
nealing after the firing process resulted in a slight decrease of
lifetime for samples A and D, whereas some improvement of
the surface passivation was observed for samples B and E.
Also, a FGA could not significantly improve the level of
surface passivation after firing. The observations, as listed in
Table I, clearly indicate that the relatively minor decrease in
surface passivation by Al,O5 during firing cannot be restored
by an additional anneal.

To benchmark the thermal stability of Al,Os3, c-Si wafers
were passivated by SiO, with subsequent FGA. Figure 1

shows injection level dependent 7. for SiO, and Al,O;
samples measured before and after firing, and for SiO, also
after a successive FGA after firing. The exceptionally high
effective lifetime for the SiO, passivated sample (with 7
=3.7 ms and S.+<3.5 cm/s) decreases due to the firing
process to values of ~5 us, indicating that the surface pas-
sivation is completely lost, in agreement with observations
by Schultz et al’ A subsequent FGA can reactivate the sur-
face passivation by SiO, after firing to some extent (S,
<115 cm/s). The passivation by SiO,, which is predomi-
nantly chemical in nature (passivation of surface defects),
can be improved by hydrogenation during annealing.15 The
passivation by Al,O5, which is a combination of chemical
passivation with a strong field-effect passivation,2 clearly
shows a much higher stability against firing. However, the
minor decrease in surface passivation could not be improved
by hydrogenation during FGA (not shown here). Moreover,
the hydrogen released from the SiN capping layer during
ﬁringlo’15 did also not lead to such an improvement, as con-
cluded from Table 1.

Apparently, the Al,O5 surface passivation is affected dif-
ferently by the firing process than thermal SiO,. Therefore,
to gain more insight into the influence of the firing process
on the Al,O5 properties, effusion experiments were carried
out. In an ultrahigh vacuum quartz tube with a base pressure
<1077 mbar, a c-Si wafer double-side coated with 100 nm
Al,0O5 was heated up to 1000 °C with a constant heating rate
of 20 °C/min.'® A quadrupole mass spectrometer detected
the hydrogen and other volatile species that desorbed from
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FIG. 1. (Color online) Effective lifetime vs injection level for 2 ) cm
n-type c-Si passivated by Al,O; and 2 €} cm p-type c-Si passivated by
Si0,, after successive processing steps indicated 1-3.
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FIG. 2. (Color online) Thermal effusion transients at mass-over-charge ra-
tios 2, 18, 28, and 44 for c¢-Si double-side deposited with 100 nm Al,O;.
From mass spectrometry cracking patterns, the most likely parent molecules
contributing to the signals at the selected mass-to-charge ratios have been
determined. The transients are offset for clarity.

the sample at elevated temperatures. In Fig. 2, we show the
effusion of H,, H,O, CO, and CO, at high temperature as
these were the majority species released from the Al,Oj
sample. Distinct effusion peaks are observed at 625 °C for
CO, and at 910 °C for CO, and CO. The formation of these
volatile species indicates the incorporation of CO, impurities
into the Al,O5 bulk by remote plasma ALD."” Effusion peaks
also appear in the transients at 660 °C for H,O and H, (with
the H, signal probably mainly originating from H,0), at
850 °C for H,0, and at 890 °C for H,. In addition, a small
H, feature is observed in the spectrum at 510 °C, which
could possibly originate from cracking C,H, species that
were detected through mass 15 and 29. The detection of H,O
and H, is consistent with the presence of a significant density
of —OH groups in the Al,O5 bulk as confirmed by infrared
spectroscopy, Rutherford backscattering spectroscopy, and
elastic recoil detection analysis revealing slightly O-rich
films (O/Al ratio= ~ 1.5-1.6) with a hydrogen concentra-
tion of ~3 at. % in the as-deposited Al,O5. From Fig. 2, we
conclude that the effusion from the Al,O5 films at tempera-
tures up to 800 °C is dominated by the formation and release
of H,O. Apparently, hydrogen in the form of H, is primarily
released from the film at temperature >800 °C. Conse-
quently, during a firing process, the Al,O5 loses both hydro-
gen and oxygen which indicates significant structural
changes of the Al,O; film that adversely affect the passiva-
tion. Furthermore, hydrogen is depleted from the film pre-
dominantly in the form of H,O which is different from the
dehydrogenation of SiO,/c-Si interface after firing. The
depletion of hydrogen from the Al,O5/c-Si interface likely
contributes to the decrease of the surface passivation by
Al,O5 after ﬁring.z’lg'19 Furthermore, the structural changes
of the Al,O5 will render the influence of the firing step irre-
versible.

Apart from thermal stability, long term and UV stability
are also important criteria for c-Si surface passivation. The
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FIG. 3. (Color online) Effective lifetime vs UV exposure time for Al,O5 and
SiO, passivated 2 € cm p-type c-Si samples. The reference sample was not
exposed to UV and kept under indoor light conditions during the time indi-
cated. Lines serve as guides to the eye.

long term stability of the passivation by Al,O5; was verified
by monitoring a large number of passivated c-Si wafers over
time up to six months. No degradation of the measured ef-
fective lifetime was observed. In fact, a significant number of
samples exhibited even a positive aging effect after anneal,
an effect of which the physical origin is still subject of re-
search. The stability of the Al,O; passivation against UV
photons was tested by exposing various lifetime samples to
UV irradiation during time intervals of 10 min alternating
between the sample surfaces exposed. A ~100 W Hg lamp
was used as UV source, which emits predominantly at 254
nm (4.9 eV). The distance between lamp and sample was
kept at ~10 cm to avoid significant sample heating. It was
verified that the surface passivation of an as-deposited
sample could not be activated by UV irradiation for the con-
ditions employed. For comparison, the experiment was also
carried out for SiO, passivated sample (from a different wa-
fer ingot than the sample in Fig. 1), which received a so-
called alneal® at 425 °C for 15 min to activate the passiva-
tion. Figure 3 shows 7., as a function of cumulative
exposure time for representative samples. The effective life-
time of the Al,O3 coated sample increased up to 40% after
exposing both wafer surfaces. Additional UV irradiation did
not result in a significant further increase of 7.4 The lifetime
of the SiO, passivated sample, on the other hand, was ob-
served to decrease under UV irradiation, which can be attrib-
uted to a higher interfacial defect density created by the in-
coming photons.zo’21 Both the improved surface passivation
by Al,O; and the degraded passivation by SiO, remained
stable over time. We explain the improvement of the Al,O;
surface passivation under UV exposure by a significant in-
crease of the fixed negative charge density, which was al-
ready reported in the pioneering work of Hezel er al. for
pyrolysis-grown A1203.22 This photon induced charge injec-
tion process was recently also observed for Al,O5 films syn-
thesized by ALD during a laser spectroscopic study.23 A simi-
lar beneficial effect from charge injection was also reported
for AlF; films.”* Furthermore, the reported UV stability of
the interface defect density22 suggests that the impact of UV
irradiation on the chemical passivation by Al,Oj5 is less sig-
nificant.

In summary, the surface passivation provided by atomic
layer synthesized Al,0O5; was found sufficiently stable under a

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



114907-4 Dingemans et al.

high temperature firing step, with the surface recombination
velocities remaining as low as <14 cm/s after reaching
temperatures >800 °C. Effusion measurements revealed the
loss of hydrogen and oxygen from the Al,O5 during firing
through the detection of H, and H,O indicating structural
changes within the material. The application of a SiN cap-
ping layer affected neither the level of surface passivation
nor the thermal stability of the Al,O5 significantly. The ther-
mal stability that was demonstrated, in conjunction with the
long term and UV stability, are prerequisites for the applica-
tion of Al,O5 passivation schemes in high-volume manufac-
tured solar cells.
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