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ABSTRACT

Scientific breakthroughs in silicon surface passivation have enabled commercial high-efficiency photovoltaic devices making use of the black
silicon nanostructure. In this study, the authors report on factors that influence the passivation stability of black silicon realized with indus-
trially viable spatial atomic layer deposited (SALD) aluminum oxide (AlOx) under damp heat exposure and light soaking. Damp heat expo-
sure conditions are 85 °C and 85% relative humidity, and light soaking is performed with 0.6 sun illumination at 75 °C. It is demonstrated
that reasonably thick (20 nm) passivation films are required for both black and planar surfaces in order to provide stable surface passivation
over a period of 1000 h under both testing conditions. Both surface textures degrade at similar rates with 5 and 2 nm thick films. The degra-
dation mechanism under damp heat exposure is found to be different from that in light soaking. During damp heat exposure, the fixed
charge density of AlOx is reduced, which decreases the amount of field-effect passivation. Degradation under light soaking, on the other
hand, is likely to be related to interface defects between silicon and the passivating film. Finally, a thin chemically grown SiOx layer at the
interface between the AlOx film and the silicon surface is shown to significantly increase the passivation stability under both light soaking
and damp heat exposure. The results of this study provide valuable insights into surface passivation degradation mechanisms on nanostruc-
tured silicon surfaces and pave the way for the industrial production of highly stable black silicon devices.

Published under license by AVS. https://doi.org/10.1116/1.5133896

I. INTRODUCTION

Nanostructured silicon (black silicon, b-Si) with its superb
optical performance has emerged as an attractive surface texture for
various photovoltaic (PV) applications. Examples of such devices
include photodetectors with close to ideal response over a wide
wavelength range1 and high-efficiency solar cells.2 The emergence
of these devices is enabled by atomic layer deposition (ALD),
which is used to passivate the nanostructured surface with a thin
dielectric layer, often aluminum oxide (AlOx). The exceptional pas-
sivation performance achieved with ALD AlOx is based on two
aspects:3,4 (1) the low density of defects at the interface of silicon
and the passivation film, and (2) the high negative charge present

in the film. ALD films are highly conformal, which makes them
the method of choice for b-Si passivation.5 Furthermore, the b-Si
morphology enhances the field-effect passivation provided by the
negative fixed charge density.6 Scientific progress on b-Si passiv-
ation has matured to the stage where commercial b-Si photovoltaic
devices are emerging,7–11 making it important to consider how
large-scale fabrication methods, such as industrially proven spatial
ALD (SALD),12,13 affect the long-term performance and stability of
such devices.

Typical environmental conditions that can alter the efficiency
of optoelectronic devices are elevated temperature, intense illumi-
nation, and ambient moisture. In the case of silicon-based devices,
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the evolution of performance can be related either to the surface or
to the bulk properties of the substrate. Recently, major research
efforts have been directed toward understanding the bulk defects in
silicon that are caused by illumination in elevated temperature,
named light and elevated temperature induced degradation by
Kersten et al.14 However, in this paper, we focus on the degradation
of surface passivation under illumination, which also can affect the
efficiency of Si devices significantly. Sperber et al. have reported on
surface-related degradation mechanisms in planar silicon under
illumination and elevated temperature, referred to as light soaking
in this article. They have showed that AlOx-based dielectric passiv-
ation stacks can exhibit significant changes in surface passivation
quality regardless of the surface cleaning method prior to film dep-
osition.15 They also determined that passivation instability is
related to the reduction of film charge16 and to defects with an
asymmetric capture cross section very close to the silicon surface.17

However, Niewelt et al. have reported that AlOx-based surface
passivation can be stable under light soaking for up to 3700 h.18

A recent study by Kim et al.19 suggested that hydrogen released
from the passivation film during annealing can be involved in
surface-related degradation, but the exact mechanisms are not yet
fully understood.

Stability under elevated temperature and relative humidity
(RH), here referred to as damp heat exposure, is also vital for the
performance of high-efficiency photovoltaic devices. Stress testing
conditions according to the IEC 61215-1-1 standard for solar
panels are 85 °C with 85% RH for up to 1000 h of exposure, and in
these degradation tests, it is important to distinguish between dif-
ferent failure modes of the devices. For solar panels, the test at
85 °C/85% RH usually provides information on the performance of
moisture-protecting encapsulation of the panel. Photodetectors, on
the other hand, can be used with little or no encapsulation to
ensure a sensitive photoresponse; so the device itself is physically
exposed to 85 °C/85% RH. Therefore, testing the surface passivation
properties of AlOx under these harsh conditions is important in
terms of device performance.

Liang et al. studied how damp heat exposure affected the
surface passivation of silicon achieved with 20 nm thick AlOx layers
deposited by plasma-enhanced ALD.20,21 They reported that while
degradation was slow, the minority charge carrier lifetime in boron-
doped float zone (FZ) silicon had decreased to a notable extent,
approximately 15%, after a 230 h exposure to 85 °C/85% RH. The
degradation occurred due to the reduction of passivation layer
charge, probably resulting from the formation of AlO(OH) when
the AlOx layer reacted with the water vapor. They also showed that
70 nm thick plasma-enhanced chemical vapor deposited SiNx

capping layers could be used to prevent the degradation of passiv-
ation in these conditions. Black silicon photovoltaic devices usually
have a bare AlOx film on the light-absorbing side, as no antireflec-
tion coatings are needed due to the high absorbance of b-Si. In this
case, a SiNx capping layer on top of AlOx would lead to increased
processing costs in addition to undesired absorption of light before
reaching the surface of, for example, a detector, leading to
decreased photoresponse.

All aforementioned studies were done on planar silicon and
using conventional ALD based on sequential precursor pulses,
whereas in this article, we study how the increased surface area of

b-Si affects the extent and the kinetics of the degradation.
Furthermore, we investigate how the faster film growth achieved
with SALD influences the film quality and, thus, the stability of
AlOx passivation under both light soaking and damp heat expo-
sure. SALD has a higher deposition rate compared to pulsing ALD,
but the film growth in SALD might be disturbed by precursor
intermixing,22,23 leading to decreased film quality. Therefore,
understanding the extent of effects induced by light, elevated tem-
perature, and moisture in SALD AlOx-passivated nanostructured
silicon is vital for the wide-scale application of such devices.
Samples for stability testing were fabricated from both b-Si and ref-
erence planar FZ Si wafers by coating them with different thick-
nesses of SALD AlOx, and the passivation quality was monitored
during light soaking and damp heat exposure. Film charge and
interfacial defect density were measured before and after exposure
to provide potential explanations for differences in passivation
stability. In addition, the effect of the interface between the Si
surface and the passivation film was studied by comparing samples
with different surface finishes prior to film deposition.

II. EXPERIMENT

One hundred millimeter FZ Si wafers supplied by Topsil
GlobalWafers A/S were used as substrate materials. The 280 μm
thick, ⟨100⟩-oriented wafers had been boron-doped to a specified
resistivity in the range of 1–5Ω cm. Figure 1 summarizes the
process flow for sample fabrication, experiments, and characteriza-
tion in this study. After cleaning the wafers with Radio Corporation
of America (RCA) solutions and dilute hydrofluoric acid (HF), the
samples were annealed in an oxygen ambient at 1050 °C for 30min
to deactivate intrinsic defects that can be detrimental for bulk life-
time in FZ Si. The elimination of the defects is described in detail by
Grant et al.24 The resulting thermally grown SiO2 was removed from
the wafers with 10% HF, after which the b-Si nanostructure was
etched into selected wafers using cryogenic deep reactive ion etching
(ICP-RIE) with parameters reported in Ref. 5. An SEM image of
the resulting b-Si nanostructure is shown in Fig. 2. Wafers with the
planar surface acted as reference samples to assess the effect of the
b-Si texture on the degradation process. Prior to surface passivation
with SALD AlOx, both b-Si and planar wafers were treated with an
RCA2 solution, which produced a thin, hydrogen-rich chemical
silicon oxide (SiOx) layer on the wafers. Additionally, instead of an
RCA2 treatment, a few of the planar wafers were dipped in dilute HF
prior to film deposition to remove any interfacial oxide. The differ-
ence in the resulting surface finish on Si wafers after these two chem-
ical treatments is described by Green et al.25 Here, the two different
surface finishes were used to study the impact of the interfacial layer
between Si and AlOx on the stability of surface passivation.

A Beneq SCS 1000 SALD tool was used to coat the samples
with AlOx using Al(CH3)3 and H2O as precursors. The surface
passivation of black silicon using this tool and process has been
demonstrated earlier.26 Depositions were carried out at 120 °C with
a 4.5 m/min line speed, yielding a deposition rate of 2.6 nm/min.
The SiOx-finished b-Si and planar wafers were coated with 2, 5,
and 20 nm thick AlOx films, while the HF-dipped planar wafers
were coated with 5 nm AlOx. Two wafers of each type were coated
with the aforementioned films. After deposition, the wafers were
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annealed in an N2 environment at 400 °C for 30 min to activate the
surface passivation. Finally, the wafers were cleaved into quarters.

The effective minority charge carrier lifetime τeff was measured
from the quarters before and after the stability experiments with the
photoconductance decay (PCD) method27 using a Sinton Instruments
WCT-120 instrument. Each sample was measured with both general-
ized and transient modes. For high-lifetime samples (τeff≥ 800 μs),
the transient results were used in the analysis, while for samples with
lower lifetime, the generalized lifetimes were considered through-
out the experiments. This was done to ensure the comparability of
the results.

The exposure time in both light soaking and damp heat studies
was cumulatively 1000 h. In light soaking, two quarters of each wafer

were exposed to 0.6 sun illumination under a light-emitting diode
(LED) lamp on a hot plate at 75 °C, while the remaining two quar-
ters were stored in the dark as reference samples. Stability of the
surface passivation was monitored during light soaking with PCD
measurements on the reference samples as well as the light soaked
samples at designated exposure intervals.

In the damp heat experiments, three quarters of one wafer
were exposed to 85 °C/85% RH, while one quarter was kept in
ambient air at room temperature as a reference. Band-to-band pho-
toluminescence (PL) imaging was used to monitor the stability of
surface passivation at ∼90 h exposure intervals. The PL light source
consisted of blue, red, and green LEDs filtered with a 1000 nm long
pass filter with a total irradiance of 700W/m2 at the sample plane.
PCD measurements could not be conducted during the damp heat
exposure due to facility limitations, but as the PL signal and effec-
tive charge carrier lifetime are related,28 the methods are compara-
ble for stability monitoring.

Finally, total charge Qtot and interfacial defect density Dit of
the passivation film were measured from exposed and reference
planar samples using contactless CV (corona oxide characterization
of semiconductor, COCOS)29 with a Semilab SDI PV-2000A tool.
All uncertainty values in PL intensity, Qtot, and Dit are evaluated as
the standard deviation of multiple measurement results for each
individual wafer quarter. Thus, they do not necessarily take varia-
tion between different wafers into account.

III. RESULTS AND DISCUSSION

Before light soaking and damp heat exposure, it was observed
that τeff was dependent on the thickness of the passivation film in
both b-Si and planar samples. For the respective film thicknesses,
τeff in planar samples was always higher than that in b-Si samples,
similar to our previous studies on the SALD passivation of b-Si.26

This was expected due to the higher surface area of b-Si, leading
to more recombination sites, and potential damage to the silicon
lattice during etching.30 Samples with an AlOx thickness of 20 nm
yielded the highest initial lifetime in the range of 900–1000 μs for
b-Si and 1200–3000 μs for planar silicon, while for the samples

FIG. 1. Process flow describing sample fabrication, experimental procedures,
and characterization methods for light soaking (a) and damp heat exposure (b).

FIG. 2. SEM micrograph of the b-Si nanostructure fabricated with ICP-RIE
etching.
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with an AlOx thickness of 5 nm, the lifetime was approximately
370–580 μs for b-Si and 450–630 μs for planar. In accordance to
this trend, the lifetime in the samples with an AlOx thickness of
2 nm was significantly lower: approximately 30–75 μs for b-Si and
120–165 μs for planar samples. This effect can be attributed to both
reduction of overall field-effect passivation in thinner films and an
increased density of defects due to a nonuniform surface coverage
of the surface with the SALD film. Taking these initial observations
into account, the impact of film thickness on the passivation stabil-
ity under light soaking and damp heat exposure is considered in
Subsections III A and III B. The significance of surface finish prior
to film deposition is discussed in Subsection III C.

A. Passivation stability under light soaking

Figure 3(a) presents τeff at an excess carrier density of
1� 1015 cm�3 as a function of light soaking duration, with open

symbols referring to b-Si samples and filled symbols to planar
samples. Generally, the passivation quality was very stable under
light soaking, and differences between b-Si and planar samples
were minuscule. In both b-Si and planar samples passivated with
the 20 nm thick AlOx, no drop in lifetime was observed through-
out the 1000 h-long exposure. The lifetime in the samples with
5 nm thick AlOx degraded only slightly. Initially, the lifetime in
b-Si samples with 5 nm thick AlOx was 580 μs, which dropped to
approximately 410 μs after 1000 h of exposure. In the planar
samples, the change was less pronounced, from 630 μs initially to
570 μs at 1000 h. The lifetime in the samples with 2 nm thick
AlOx had dropped significantly already after 1 h of light soaking:
τeff decreased from 30 to 11 μs in b-Si samples and from 120 to
49 μs in planar samples. After this, the lifetime in samples with
2 nm thick AlOx remained at a similar level throughout the dura-
tion of the experiment. For b-Si and planar samples with 2 nm
films, the change in lifetime occurred on comparable time scales.
Additionally, with 5 and 20 nm thick films, there were no dramatic
differences between b-Si and planar samples either, suggesting
similar degradation kinetics for b-Si and planar surfaces. During
light soaking, the decrease of lifetime in the 2 and 5 nm samples
could not be explained by damage originating from sample handling
during the measurements, as all reference samples were measured at
the same intervals as the light soaked samples, and the lifetime in
the reference samples did not decrease.

Figure 3(b) shows the Qtot and midgap Dit results for the
planar light soaked samples after 1000 h of exposure (bars in red,
on right) and for the reference samples (in blue, on left). Although
measuring very thin oxide layers accurately with COCOS is difficult
and measurement inaccuracies can affect the results, a systematic
decrease of Qtot and, therefore, loss of field-effect passivation was
observed in the light soaked 2 nm samples compared to reference
samples stored in the dark. This is in agreement with the results of
Sperber et al.16 However, the strongly decreased Dit of the 2 nm
samples suggested improved chemical passivation after light
soaking. As the minority carrier lifetime decreased in these
samples, it seems that for 2 nm thick AlOx layers, field-effect pas-
sivation is a dominant mechanism over chemical passivation. For
the 5 nm samples, an opposite trend was observed, as the light
soaked samples exhibited a slightly higher negative charge com-
pared to the reference samples. This is in line with the observations
of Liao et al.,31 and a likely cause for this is the charging of the Si/
SiOx/AlOx interface under intense illumination due to carrier injec-
tion and trapping. Under the aforementioned assumption, the
increase in field-effect passivation should have led to increased life-
time, but an opposite trend was observed. Dit of the 5 nm samples
did not provide an explanation to the decrease in lifetime either, as
values measured from the reference and the light soaked samples
were at a similar level. The difference in Qtot of the 20 nm samples
was very small, almost within the uncertainty range, and in line
with the stable lifetime throughout the experiment.

B. Passivation stability under damp heat exposure

In general, the wafers exposed to damp heat showed more pro-
nounced changes than the light soaked samples. However, the
samples with 20 nm thick AlOx remained remarkably stable even in

FIG. 3. (a) τeff as a function of light soaking duration and (b) Qtot and midgap
Dit results from reference samples and after light soaking. The open circles in
(a) refer to b-Si samples, while the filled symbols denote a planar surface. (b) It
shows the results only for planar substrates, as Qtot and Dit could not be accu-
rately determined from the b-Si samples.
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the harsh 85 °C/85% RH conditions. Minority carrier lifetime
results measured before and after damp heat exposure are presented
in Fig. 4(a). For samples with 5 nm thick AlOx, the changes were
pronounced: for b-Si samples, the lifetime was initially 360 μs and
after exposure 13 μs, while for planar samples, the corresponding
values were 490 and 90 μs. In b-Si samples with 2 nm thick AlOx,
τeff dropped from 75 to 6 μs, while for planar samples, the lifetime
dropped from 125 to 11 μs. Based on the lifetime results with 5 nm
thick AlOx, it seems that the extent of surface passivation degrada-
tion of b-Si samples was higher than in their planar counterparts,
which can be explained with the higher surface area of black
silicon. We speculate that the AlOx-passivated b-Si structure had
more area to react with the water vapor, leading to faster degrada-
tion of surface passivation properties. However, film thickness had
a more significant impact on passivation stability compared to
surface texture, as both b-Si and planar samples passivated with
20 nm of AlOx demonstrated essentially no degradation.

Qtot and Dit results of the damp heat tests are presented in
Fig. 4(b). For 20 nm samples, the very small changes in both film
charge and defect density were in line with the highly stable life-
time. For 5 nm passivation layers, Dit was similar in the damp heat
exposed and reference wafers, but a notable reduction of film
charge was observed. Therefore, reduced field-effect passivation
during the damp heat exposure is the most likely degradation
method for the SALD-passivated samples. We also speculate that
the loss of negative charge of the passivation film and the forma-
tion of AlO(OH) during damp heat exposure, as observed by Liang
et al.,20,21 are interlinked. After exposure, the 2 nm film showed a
positive total charge in the order of 1� 1011 cm�2, explaining the
significant drop of lifetime due to dramatic loss of field-effect pas-
sivation. However, while the contactless CV results from the 2 nm
samples were consistent, their actual scale is not necessarily accu-
rate due to charge leakage through the very thin oxide. It should
also be noted that the uncertainty values presented in the graphs
were determined from the actual measurements, so they reflect the
consistency of the obtained results.

The PL signal intensity values extracted from photolumines-
cence images, shown in Fig. 5(a), are in agreement with the lifetime
results. Based on the monitoring measurements, the 20 nm passiv-
ation films were stable over the whole 1000 h-long damp heat expo-
sure. On the other hand, the PL signal obtained from the samples
with 2 and 5 nm thick AlOx layers deteriorated quickly with a
notable decrease already after 100 h of exposure. Samples with
5 nm thick AlOx showed a steady gradual decrease in the PL signal,
while the signal obtained from the samples with 2 nm thick AlOx

was at the background level already after 100 h of exposure. In
general, b-Si and planar samples behaved similarly, but the b-Si
sample with 5 nm thick AlOx degraded with a slightly stronger gra-
dient with respect to ageing time than its planar counterpart. This
indicates that the increased surface area of b-Si can increase the
degradation rate in damp heat exposure. We speculate that the
surface morphology influences the AlOx quality so that b-Si
samples with 5 nm thick AlOx layers would have more pinholes in
the surface than the planar ones, leading to faster degradation.
However, the effect was not dramatic, as the surface texture did not
influence the degradation rate of 20 nm samples. Examples of the
PL images of b-Si samples taken with identical parameters and pre-
sented with the same color scale are given in Fig. 5(b). Both 5 and
20 nm samples showed a bright image (high PL signal) in the
initial state, but after 500 h, the signal from the 5 nm sample had
noticeably decreased across the whole area of the sample. After
1000 h of exposure, the image of the 5 nm samples was almost
completely dark (low PL signal), while the 20 nm sample still
showed a high PL signal.

The SALD films here were less stable in damp heat conditions
than films deposited with conventional ALD; as in our previous
study, we reported that even 5 nm ALD AlOx passivation films
were stable for up to 264 h in 85 °C/85% RH.32 A major difference
between these studies is that the SALD tool used here was not
located inside a particle-controlled cleanroom unlike the conven-
tional ALD tool, which resulted in an increased particle level during
the SALD passivation. Additionally, SALD films were potentially less
dense than obtained with pulsing ALD, as the growth of SALD AlOx

is likely to contain a CVD-like component resulting from the

FIG. 4. (a) τeff and (b) Qtot and midgap Dit results before and after 1000 h-long
damp heat exposure. Again, Qtot and Dit could be measured only on planar
samples.
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intermixing of precursors during deposition.22,23 The initial Qtot

values between this study and the ones in our previous work32 were
comparable; so we speculate that the potential lower density of the
film and an increased number of pinholes due to particles led to the
accelerated degradation of Qtot in the SALD films. However, 20 nm
thick SALD AlOx passivation films yielded highly stable passivation.
In addition, for solar PV applications, damp heat stress tests for bare
wafers are already rather harsh tests, since encapsulation in PV
modules will provide enough protection from high levels of moisture
and oxygen.

C. Role of interfacial oxide

The interfacial SiOx layer between the Si surface and the pas-
sivating film greatly influenced the passivation stability under both

light soaking and damp heat exposure, at least in the case of 5 nm
thick AlOx films. The τeff monitoring results of samples with 5 nm
thick AlOx during light soaking are shown in Fig. 6(a). The red
symbols refer to samples with the SiOx finish (open for b-Si, filled
for planar) and the blue triangles to the planar HF-dipped sample,
coated with 5 nm AlOx as well. The HF-dipped sample initially
showed a higher minority carrier lifetime than wafers with the SiOx

finish, which is not in agreement with results presented previously.33

However, the SiOx-finished b-Si and planar samples degraded slower
than their HF-dipped counterpart. The lifetime of the HF-dipped
sample decreased slowly from 850 to 510 μs until approximately
300 h of exposure, after which the lifetime started to plummet,

FIG. 5. (a) PL signal intensity as a function of damp heat exposure time. As
previously, the open symbols are for b-Si and the filled symbols for planar
samples. (b) PL images taken with identical measurement parameters of b-Si
samples coated with 5 and 20 nm AlOx in the initial state as well as after 500
and 1000 h of damp heat exposure.

FIG. 6. (a) Lifetime throughout 1000 h of light soaking and (b) PL signal over
the course of 1000 h damp heat exposure for SiOx and HF-dipped 5 nm
samples. Inset in (a) shows the injection level dependent lifetime for HF-dipped
samples over time. In both figures, circles refer to SiOx samples (open symbols
for b-Si, filled for planar), and triangles to planar samples that were HF-dipped
prior to the deposition of 5 nm AlOx.
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reaching 210 μs at 1000 h. The inset of Fig. 6(a) shows the injection-
dependent lifetime results of the HF-dipped sample, illustrating
the gradual drop of lifetime at all injection levels throughout the
exposure period. It can be seen in the inset figure that Shockley–
Read–Hall recombination does not influence the lifetime at low
injection levels in these samples; so it is clear that the degradation
is explained by an increase in surface recombination and not by a
decrease in bulk lifetime.34 Therefore, contamination resulting
from the processing equipment is not a viable cause for the degra-
dation in this case.

Similarly, as in the light soaking case, the HF-dipped sample
was less stable than the samples with SiOx during damp heat expo-
sure. However, the time scale of the degradation was quite different.
Figure 6(b) shows the PL signal intensity of all the 5 nm samples at
designated damp heat exposure intervals. The red circles, again, refer
to the SiOx samples and the blue triangles to the planar HF-dipped
sample. The passivation quality of the HF-dipped sample deterio-
rated quickly under damp heat, reaching a stable low value only
slightly above the background level already after 100 h of exposure.

Qtot and Dit results, as presented in Fig. 7, similar to the results
above, suggest that the reduction of lifetime under light soaking and
damp heat occurred due to different degradation mechanisms.
During damp heat exposure, the negative charge in the samples with
SiOx was reduced, whereas in the HF-dipped samples, the initial neg-
ative charge had even turned positive with a value in the order of
1� 1010 cm�2. Therefore, the extent of charge carrier lifetime degra-
dation during damp heat exposure seems to be directly related to the
loss of negative film charge. An interesting observation was that light
soaking did not induce any significant changes in Qtot or Dit regard-
less of the surface finish, leading to the conclusion that a different
phenomenon led to the deterioration of lifetime in light soaking
than under damp heat.

The above result that degradation during damp heat exposure
occurs due to reduction of field-effect passivation is in agreement

with the results reported by Liang et al.,20,21 but the root cause for
the degradation under light soaking requires further studies.
Sperber et al. have speculated that this can be induced by carrier-
induced defects in silicon.17 These defects would affect the lifetime
more dramatically in the case of thinner passivation films, as the
relatively low amount of charged film close to the silicon surface
cannot compensate the effect of the defects on lifetime. The under-
lying defects causing surface-related degradation in passivated
silicon are likely located directly at the interface between the wafer
and the passivating layers or very close to it,17,31 which is in agreement
with the significance of the SiOx layer in our studies. In this case, the
chemically grown SiOx potentially suppresses the formation of these
defect states close to the surface of silicon. The drastic differences
between the stability of the SiOx and HF-dipped samples suggest that
the degradation during light soaking is truly related to the interface
between the passivation film and the silicon surface and not to the
film properties. As the SiOx layer at the interface affects the degrada-
tion occurring during damp heat degradation, it seems that the mech-
anism behind the reduction of film charge is also related to the
interplay between the substrate and the passivating film.

IV. CONCLUSIONS

AlOx films deposited using industrially viable spatial ALD
yield efficient and stable surface passivation even on nanostruc-
tured black silicon surfaces. We conclude that relatively thick pas-
sivation films (20 nm) are required to obtain high minority carrier
lifetime that stays stable for over 1000 h under light soaking with
0.6 sun illumination at 75 °C or under damp heat exposure at
85 °C/85% RH. 2 and 5 nm thick passivation films showed degrada-
tion of effective lifetime in both environmental test conditions.
During damp heat exposure, samples with 2 nm thick AlOx layers
degraded immediately, while the passivation quality obtained with
5 nm thick AlOx films deteriorated slowly over time. This was
attributed to reduced field-effect passivation resulting from decreas-
ing film charge. As the overall fixed charge density of the samples
with 20 nm thick AlOx was not significantly affected during damp
heat exposure, it is possible that high ambient moisture only affects
the top 2–5 nm of the passivation film. Light soaking studies
showed a decrease in minority carrier lifetime that was not clearly
explained by changes in film charge or interfacial defect density.
A significant observation was that a thin chemically grown SiOx

layer remarkably enhanced passivation stability in both light
soaking and damp heat exposure compared to samples that were
HF-dipped prior to film deposition. This leads to the conclusion
that degradation during light soaking is related to the interface
between Si and the passivation layer, and that the interface plays a
significant role in the reduction of fixed charge density in the AlOx

film during damp heat exposure as well.
The results of this study provide insights into the degradation

mechanisms of surface passivation, which is highly relevant for the
solar cell industry. Understanding the physical processes leading to
degradation contributes to the development of more advanced pas-
sivation techniques with optimized film thicknesses. This study
paves the way for using SALD in the industrial-scale production of
highly stable optoelectronic components that rely on black silicon
as the light-absorbing surface.

FIG. 7. Comparison of Qtot and Dit results obtained from 5 nm planar samples
with chemically grown SiOx and HF-dipped samples before and after light
soaking and damp heat exposure.
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