
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Powered by TCPDF (www.tcpdf.org)

This material is protected by copyright and other intellectual property rights, and duplication or sale of all or 
part of any of the repository collections is not permitted, except that material may be duplicated by you for 
your research use or educational purposes in electronic or print form. You must obtain permission for any 
other use. Electronic or print copies may not be offered, whether for sale or otherwise to anyone who is not 
an authorised user.

Mc Kearney, Patrick; Schäfer, Sören; Liu, Xiaolong; Paulus, Simon; Lebershausen, Ingo;
Radfar, Behrad; Vähänissi, Ville; Savin, Hele; Kontermann, Stefan
Impact of Pulse Duration on the Properties of Laser Hyperdoped Black Silicon

Published in:
Advanced Photonics Research

DOI:
10.1002/adpr.202300281

Published: 01/06/2024

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CC BY

Please cite the original version:
Mc Kearney, P., Schäfer, S., Liu, X., Paulus, S., Lebershausen, I., Radfar, B., Vähänissi, V., Savin, H., &
Kontermann, S. (2024). Impact of Pulse Duration on the Properties of Laser Hyperdoped Black Silicon.
Advanced Photonics Research, 5(6), Article 2300281. https://doi.org/10.1002/adpr.202300281

https://doi.org/10.1002/adpr.202300281
https://doi.org/10.1002/adpr.202300281


Impact of Pulse Duration on the Properties of Laser
Hyperdoped Black Silicon

Patrick Mc Kearney,* Sören Schäfer, Xiaolong Liu, Simon Paulus, Ingo Lebershausen,
Behrad Radfar, Ville Vähänissi, Hele Savin, and Stefan Kontermann

1. Introduction

Hyperdoping by ultrashort laser pulses has emerged as a prom-
ising technique for surface microstructuring and simultaneously
introducing dopants into silicon at high concentrations for tailor-
ing its optoelectronic properties. In addition to increased absorp-
tance by light-trapping structures,[1–4] absorptance in the
sub-bandgap region can be obtained if the process is carried out

in sulfur hexafluoride (SF6) containing
atmosphere.[5–8] These properties make the
resulting material a promising candidate
for silicon-based infrared photodetectors,
especially when the silicon crystal proper-
ties allow for excess carrier generation.[9,10]

The surface morphology and the absorp-
tance strongly depend on the pulse
density and peak fluence during the laser
process.[10–12] Although surface pattern-
ing[13,14] and hyperdoping[15–18] have been
shown to be achievable with pulse dura-
tions in the nanosecond, picosecond, and
femtosecond range, only a few studies have
been published on the effect of pulse dura-
tion on the surface structures, optical
absorptance, and the doping profile. Her
et al. showed that for constant laser fluence,
pulse density, and wavelength, the distance
between microstructures decreases contin-
uously when the pulse duration is increased
from 100 fs to 1 ps.[4] A further increase
above 1 ps leads to an increase in the dis-

tance. Crouch et al. studied the surface and optical properties
of hyperdoped black silicon prepared with 100 fs and 25 ns
pulses.[15] The results show that ns pulses lead to higher absorp-
tance and larger surface structures. However, in that study, there
are large differences in the wavelength, pulse density, and fluence,
making it difficult to draw conclusions about the influence of
pulse duration alone. Zorba et al. investigated the properties after
processing at 500 fs, 5 ps, and 15 ns at constant wavelength.[16] The
statement that longer pulses lead to larger structures and higher
absorptance is in good agreement with the results of another
study.[15] Nevertheless, for each pulse duration, different combina-
tions of pulse density and fluence were used in another study,[16]

which again complicate the statement about the influence of the
pulse duration on the material properties.

In this article, we report on the impact of pulse duration in the
range from 100 fs to 10 ps on the fabrication of hyperdoped black
silicon using one laser system at a constant wavelength of 1030 nm
and expose all samples to a pulse density of 500 pulses per spot. By
varying the fluence in the same range for different pulse durations,
we investigate the interaction of these two parameters on the optical
properties as well as the surface morphology. Based on this, we fab-
ricate samples with pulse durations of 100 fs, 1, and 10 ps that exhibit
a comparable surface morphology and sub-bandgap absorptance to
investigate the effect of pulse duration on the doping profile, the
current–voltage behavior, and the effective minority carrier lifetime.
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The impact of three different pulse durations (100 fs, 1, and 10 ps) on the for-
mation of laser hyperdoped black silicon with respect to surface morphology,
sub-bandgap absorptance, the sulfur concentration profile, and the effective
minority carrier lifetime after Al2O3 surface passivation is investigated. The
current flow behavior is compared through the hyperdoped layer by I–V meas-
urements after hyperdoping with different pulse durations. For conditions
that give the same absolute sub-bandgap absorptance, an increase in pulse
duration from 100 fs to 10 ps results in a shallower sulfur concentration profile.
Findings are explained by an increasing ablation threshold from 0.19 J cm�2 for a
pulse duration of 100 fs to 0.21 J cm�2 for 1 ps and 0.34 J cm�2 for 10 ps. The
formation of an equally absorbing layer with a shallower doping profile results in
a reduction in contact and/or sheet resistance. Despite the higher local sulfur
concentration, the samples show no decrease in carrier lifetime measured by
quasi-steady-state photoconductance decay on Al2O3 surface-passivated sam-
ples. The investigation shows that longer pulses of up to 10 ps during laser
hyperdoping of silicon result in advanced layer properties that promise to be
beneficial in a potential device application.
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2. Results and Discussion

2.1. Interaction of Pulse Duration and Peak Fluence

Figure 1 shows the square of the measured ablation diameter as a
function of peak fluence for the pulse durations 100 fs, 1, and
10 ps with the corresponding fit functions. Extrapolation toward
the x-axis yields the ablation threshold fluences 0.19, 0.21, and
0.34 J cm�2 for the respective pulse durations.[19] From the slope
of the fit function, we determine the 1/e2 diameters, which are
60 μm for 100 fs, 72 μm for 1 ps, and 74 μm for 10 ps. This is in
good agreement with the diameters measured with the camera-
based beam profiling system which are 63� 5.1 μm for 100 fs
and 70� 5.1 μm for 1 and 10 ps.

We use the determined ablation thresholds for the processing
parameters in this work (λ= 1030 nm, frep= 200 kHz, pulse
duration 0.1–10 ps, number of pulses N= 10) to classify the
results during the discussion. The ablation threshold increases
with increasing pulse duration due to decreasing intensity, which
is in good accordance with literature.[2,20–23] Compared to previ-
ously published data[24–26] using similar parameters which are
shown in Table 1, the values for the ablation thresholds deter-
mined here tend to be lower. Simultaneously the values reported
here are an order of magnitude higher than those reported in
another study.[27] We attribute this to the deviations in pulse
duration and number[28] as well as repetition rate[29] in our
experiments and thus consider the values to be reasonable.

We investigate the surfaces of samples prepared with the pulse
durations 100 fs, 1, and 10 ps and peak fluences between 0.3 and
1.6 J cm�2 with an scanning electron microscope (SEM). For all
pulse durations, we observe the formation of periodic, cone-like
surface structures, whose diameter and height increase with the
peak fluence whereas the area density decreases. Figure 2a–l
shows that at constant fluence, the pulse durations 100 fs and
1 ps result in the same microstructured surfaces. For fluences
below 1.0 J cm�2, we observe an influence of the pulse duration
when it is increased from 1 to 10 ps. We quantify the mean cone
radius of the structures by calculating the radial autocorrelation
function of the top-view SEM images and extract the first

minimum in radial direction. Figure 3 shows the results plotted
versus the peak fluence.

The mean radius of the surface structures increases for all
pulse durations as the peak fluence increases. This behavior is
in good accordance with previous studies on laser hyperdoping
of silicon in SF6 atmosphere.[11,12,30] In the fluence range
between 0.5 and 1.0 J cm�2, the mean cone radius increases
faster for both shorter pulser durations than for 10 ps pulses.
In this fluence window, ten pulses result in smaller cone struc-
tures with a higher density. A similar behavior has been observed
for a reduction from 5 ps to 500 fs.[16] Furthermore, it was
reported that in the range from 100 fs to 15 ns, the radius of
the light-trapping structures strongly depends on the pulse dura-
tion.[15,16] Furthermore, Figure 2m–p shows interconnections
between directly adjacent microstructures. We attribute this
observation to a longer melt time during the hyperdoping pro-
cess due to the longer pulse duration. With a further increase
in fluence, this effect is less pronounced, so that the influence
of the pulse duration becomes less apparent.

Our findings show that for a given wavelength and pulse den-
sity, the combination of pulse duration and peak fluence deter-
mines the radius of the surface structures. Figure 3 shows that
for fluences below 1.0 J cm�2, for increasing pulse duration,
higher fluences are required to obtain comparable surface struc-
tures, that is, comparable radii. Above 1.0 J cm�2, the influence
of pulse duration becomes negligible. Thus, comparable surface
roughness can be produced in the investigated parameter space
at different pulse durations.

Figure 4 shows the sub-bandgap absorptance at a wavelength
of 1500 nm, plotted against the peak fluence. Since the absorp-
tance is constant in the range from 1200 to 2500 nm, which is in
good agreement with the work of Crouch et al.[31] this value is
representative for the sub-bandgap absorptance. For all pulse
durations, we observe in Figure 4 an increase in absorptance
of the laser hyperdoped silicon samples with increasing fluence,
which is attributed to stronger light trapping and a higher sulfur
dose incorporated into the silicon lattice.[32] This absorptance sat-
urates at a maximum value of 95%abs.

While the absorptance curves for the pulse durations 100 fs
and 1 ps are comparable within the error margin of 1%abs, we
observe that for a pulse duration of 10 ps, the absorptance
changes less with increasing fluence. We attribute this to the fact
that the size of the surface structures changes less with fluence
the longer the pulses are, as shown in Figure 3. Therefore, the

Figure 1. Squared ablation diameter plotted against the peak fluence for
N= 10 pulses with pulse durations 100 fs, 1, and 10 ps. The intersection of
the fit function with the x-axis yields the respective threshold fluence.

Table 1. Overview of ablation thresholds of silicon determined by Liu’s
method.

τ [ps] λ [nm] N frep [kHz] ΦTh [J cm�2] References

12 1030 1 – 0.8, 1.68 [29]

0.38 1040 1 – 0.7 [28]

3 1030 – 1 0.43 [27]

10 1030 – 41 000 0.03 [31]

0.1 1030 10 200 0.19 This work

1 1030 10 200 0.21 This work

10 1030 10 200 0.34 This work
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light-trapping effect of the microstructures processed at the same
peak fluence is less pronounced. To verify the cause for the dif-
ference in absorptance, we determine the optical thickness of the
samples using the optical model of Schäfer et al.[12] The optical
thickness is equal to the product of the absorption coefficient and
the thickness of the absorbing layer which allows us to compare
the absorptance of the samples independently of the surface
reflectance. The optical thickness as a function of peak fluence
is independent of the pulse duration. This means that the
reduced absorptance for samples processed with 10 ps and peak
fluences below 1.0 J cm�2 results from an increase in surface
reflectance.

Previous work has shown strong influences of pulse duration
on the achievable absorptance. Hyperdoping with femtosecond
and picosecond pulses led to comparable results and an absorp-
tance between 80%abs and 90%abs, whereas an absorptance of

95%abs was reported when using nanosecond pulses.
Compared to previous works,[15,16] we perform all experiments
on a single-laser system and keep the wavelength and pulse den-
sity constant. The absorption measurements presented here
show that the pulse duration plays a minor role in the achiev-
able absorptance. By adjusting the peak fluence and thus the
ratio of peak-to-threshold fluence, sub-bandgap absorptances
of 95%abs can be achieved with pulses of length 100 fs, 1,
and 10 ps, respectively. The results show that the pulse duration
does not determine the surface roughness and optical absorp-
tance, but rather dictates the fluence regime in which certain
optical and surface structural properties can be achieved.
Furthermore, we showed that the use of longer pulses has
the advantage that this fluence regime becomes larger, which
makes the process less sensitive to deviations in the pulse
energy or the focus position.

Figure 2. SEM micrographs of hyperdoped black silicon surfaces processed with fluences from 0.4 to 1.4 J cm�2 and a pulse duration of a–f ) 100 fs,
g–l) 1 ps, and m–r) 10 ps with a viewing angle of 30° to the surface.
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2.2. Impact of Pulse Duration

As for longer pulses, a higher fluence is required to achieve the
maximum sub-bandgap absorptance, and we decide to compare
the samples with 1.2 J cm�2 for 100 fs and 1 ps and 1.4 J cm�2 for
10 ps in the following sections. As these samples are comparable in
cone radius (Figure 3) and absolute absorptance (Figure 4), we
assume a comparable level of surface texturing and neglect any
influence that could be traced back to a different morphology. Thus,
we can study the pure impact of the pulse duration on the hyper-
doped layer.

Figure 5 shows the measured sulfur concentration depth pro-
files of samples processed with pulse durations of 100 fs, 1, and
10 ps and peak fluences of 1.2, 1.2, and 1.4 J cm�2 respectively.
These parameters assure comparability and account for the fact
that the profiles are measured on a rough and randomly struc-
tured surface, which must be considered when interpreting the
profiles. Since the depth is calculated from the measured sput-
tering rate on a planar reference and the sputtering rate depends
on the angle of incidence of the ion beam,[30,33] the surface struc-
tures may result in a systematic error for the measurement of the

depth. For this reason, the absolute depths may deviate from the
measured depths. Nevertheless, since the surface roughness of
the investigated samples is comparable, we assume that this sys-
tematic error is for these samples. In addition, the peaks of the
cone structures, which have a higher sulfur concentration than
the valleys, are preferentially ablated at the beginning. Due to the
size of the ion beam, such local differences cannot be resolved,
which is why the measured sulfur concentration is taken as an
average over the area of the ion beam.

The surface concentration is above 1020 cm�3 for all samples and
the maxima are located within the first 100 nm from the surface.
Further on, the concentration decreases with increasing distance
from the surface for all samples. Within the first 2 μm from the
surface, the concentration of the sample processed with 10 ps pulse
duration is higher than that of the other samples, which are on a
similar level. From this point, the concentration of all samples starts
to decrease. The concentration reaches the thermal solubility limit
of 3� 1016 cm�3[34] at 3.25, 4.40, and 5.20 μm from the surface and
the total dose, that is, the integral over the depth, is equal to
(1.1� 0.03)� 1016 cm�2, (7.3� 0.2)� 1015 cm�2, and (6.9� 0.2)�
1015 cm�2 for the samples processed with 10, 1 ps, and 100 fs
respectively.

The fabricated samples exhibit a maximum sulfur concentra-
tion of 1.5� 1020 cm�3 (0.3 at%), which decreases with distance
from the surface. The measured maxima are in the same order of
magnitude reported by Crouch et al.[31] In the work of Guenther
et al. and Lin et al. peak concentrations of 5.0� 1019 cm�3

(0.1 at%)[35] and 2.0� 1018 cm�3 (0.004 at%)[36] were reported,
but lower pulse densities were used here.

We measure a doping depth of up to 6 μm, which is a higher
value compared to previously reported values of some tens[36] and
hundreds[37] of nanometers up to a micrometer,[35] depending on
hyperdoping process and parameters. We attribute this partly to
the high pulse density used in this work and partly to the system-
atic error of the measurement due to the surface roughness,
which both result in a higher doping depth.

We observe that the doping depth decreases with increasing
pulse duration. We attribute this to the fact that the melting

Figure 3. Mean cone radius plotted against the peak fluence for samples
processed at 100 fs, 1, and 10 ps.

Figure 4. Sub-bandgap absorptance at 1500 nm plotted against the peak
fluence for samples processed at 100 fs, 1, and 10 ps.

Figure 5. SIMS profiles of samples which have been hyperdoped with
100 fs at 1.2 J cm�2 (black), 1 ps at 1.2 J cm�2 (orange), and 10 ps at 1.4 J cm�2

(blue). The green dashed line indicates the thermal solubility limit of sulfur
in silicon at 3� 1016 cm�3. The inset shows the total dose of the corre-
sponding samples.
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depth scales with the logarithm of the ratio of peak to melting
fluence in analogy to the ablation depth.[38] For the parameters
studied here, this ratio is 6.3, 5.7, and 4.1 for the samples pre-
pared at 100 fs, 1, and 10 ps, respectively. Since the optical
absorptance and the surface morphology of these samples are
comparable, we have shown that the pulse duration is a parame-
ter for controlling the thickness of the hyperdoped layer.

Figure 6 shows the current–voltage measurement of the sam-
ples when placing probes on the two contact pads on top, so that
the current flows exclusively through the hyperdoped layer.
Due to the surface roughness, the actual layer thickness is less
than 300 nm since it was calculated from the deposition rate
for a planar substrate. As the current increases linearly with
the voltage for all samples, the layer thickness is still high
enough to achieve Ohmic contacts. The 100 fs and 1 ps sam-
ples show a similar behavior, whereas the slope rises when
increasing the pulse duration to 10 ps. The reciprocal of the
slope of the curves yields resistances of 2062, 1838, and
740Ω for 100 fs, 1, and 10 ps, respectively. Thus, the 10 ps
sample exhibits a lower contact resistance and/or a higher
conductivity, but this measurement does not allow us to dis-
tinguish between the two quantities. Since the surface concen-
trations in Figure 5 are comparable, the contact resistance

should be of the same order of magnitude for all samples.
This suggests that the differences are due to higher conductiv-
ity. However, this needs to be verified by measuring the con-
tact resistance. Nevertheless, since a low contact resistance and
transverse conductivity are typically beneficial in the applica-
tion in an optoelectronic device, hyperdoping with longer
pulse durations seems to be advantageous.

Figure 7 shows the injection level-dependent effective charge
carrier lifetime measured in the hyperdoped samples. As men-
tioned before, we have used high-quality substrates and applied
very effective atomic layer deposition (ALD) Al2O3 surface pas-
sivation to mitigate both bulk and surface recombination.
Therefore, the effective lifetime here can be considered as a
direct figure of merit for the laser hyperdoping process-induced
defects and related recombination. At the injection level of
Δn= 1015 cm�3, the measured lifetimes are ≈9 μs. At higher
injection levels we do not see any significant differences between
the obtained values for the different pulse durations. Looking at
the values more closely, the measured lifetime seems to slightly
increase when the pulse duration increases. Due to the
small magnitude of the difference, it is however impossible to
fully rule out measurement uncertainty as one possible explana-
tion for this trend.

All samples show signs of carrier trapping, as can be seen by
an increasing lifetime toward lower injection levels.[39,40] A
steeper increase of the 10 ps sample may point to a different type
or concentration of trapping centers. However, as the results
indicate, a longer pulse duration does not result in a more recom-
binative active hyperdoped layer.

In the literature the low lifetime after the laser hyperdoping
process is linked to two causes. The work of Liu et al. shows that
the crystal damage caused by the laser process strongly reduces
the carrier lifetime and reaches several micrometers into the
substrate.[41] Furthermore, the optical-pump/terahertz-probe
measurements of Sher et al. show that the carrier lifetime
decreases with increasing sulfur concentration and is below a
few hundred picoseconds within the hyperdoped layer.[42] This
is attributed to the greatly increased recombination caused by
the sulfur defect levels within the bandgap. Since the sulfur con-
centration in all our samples here is in the same order of mag-
nitude, we do not expect any related significant differences in
effective lifetime.

Figure 6. Current–voltage measurement across the hyperdoped layer of
samples which have been processed with 100 fs at 1.2 J cm�2 (black),
1 ps at 1.2 J cm�2 (orange), and 10 ps at 1.4 J cm�2 (blue).

Figure 7. Left: Injection level-dependent effective charge carrier lifetime measured by QSSPC. Right: Effective charge carrier lifetime at an injection level of
1015 cm�3 plotted against the pulse duration.
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3. Conclusion

We have investigated the influence of the interaction of peak flu-
ence and pulse duration in the range of 100 fs–10 ps during laser
hyperdoping of sulfur in silicon on the resulting optoelectronic
properties. Our results show that similar surface morphologies
and subbandgap absorptance can be obtained using different
pulse durations. Due to the pulse length dependence of the
threshold fluence, the fluence range in which comparable prop-
erties are achieved shifts to higher fluences with increasing pulse
duration. Furthermore, it was shown that the doping profile, in
particular the thickness of the hyperdoped layer, is smaller with
higher pulse duration, which results in a lower contact and/or
sheet resistance. Minority carrier lifetime measurements on sur-
face-passivated samples indicate a comparable effective lifetime
at an injection level of 1015 cm�3 for all pulse durations. In sum-
mary, it was shown that the pulse duration is an important proc-
essing parameter for optimizing material parameters with
respect to optoelectronic applications.

4. Experimental Section
We irradiated double-side-polished 2 00 and 4 00 Czochralski grown p-type

silicon (100) wafers with a specific resistivity of 1–10Ω cm with ultrashort
laser pulses with different pulse durations in ambient air to determine the
ablation threshold fluence by D-squared method[19] and in sulfur hexafluoride
(SF6) atmosphere to fabricate hyperdoped black silicon. The Yb:YAG laser
source (Amplitude Tangor 100) emitted pulses with a pulse duration of
800 fs at the central wavelength 1030 nm with a repetition rate of 200 kHz,
which could be chirped up to 1 and 10 ps by adjusting the compressor and
shortened to 100 fs by an optical compressionmodule (Amplitude Compress
10). The pulse duration in the processing plane was measured with an auto-
correlator. The output pulse energy of the laser source was controlled with an
acousto-optical modulator and that of the compression module with an
attenuator consisting of a half-wave plate and a polarizing beam splitter.

The laser pulses passed through a scanning system consisting of a two-
axis galvanometer scanner and were focused by an F-Theta objective with a
focal length of 340mm onto the wafer surface inside a processing cham-
ber. The 1/e2 beam diameter in the focal plane was measured with a cam-
era-based beam profiling system. The peak fluence was controlled by
adjusting the pulse energy.

For determining the ablation threshold fluence, we irradiated the sam-
ples with 10 pulses per spot at different fluences and pulse durations and
measured the ablation diameter with a digital light microscope (Keyence
VHX-7000 series).

For laser hyperdoping, we mounted the wafers into a vacuum chamber
with a diameter of 15 cm and a total height of 30 cm which was sealed on
top with a fused silica window. We evacuated the chamber to 1 mbar with a
rotary vane pump and refilled it with sulfur hexafluoride to a pressure of
675 mbar. To maintain a stable and constantly regenerated process atmo-
sphere, the SF6 flow was set to 100 sccm with a mass flow controller and
the exhaust was controlled with a needle valve. The laser pulses were
scanned across the wafer surface with a pulse overlap of 96% in both,
scanning direction and perpendicular to it. The total number of pulses
per spot area was 500. After fabrication, we cleaned the samples in sol-
vents (acetone, isopropanol, and DI water).

We investigated the surface morphology with a scanning electron
microscope (JEOL JSM-6380LV) operating at 10 kV acceleration voltage
and a viewing angle of 0° and 30°.

We characterized the optical properties of the samples with a spectro-
photometer (Perkin Elmer Lambda750) with an integrating sphere by mea-
suring the reflectance R and transmittance T in the spectral range from 250
to 2500 nm. The absorptance A was calculated by A= 1 – R – T.

We measured the sulfur doping concentration profile of samples proc-
essed with different pulse durations with a secondary-ion mass

spectrometer (SIMS) (Cameca ims 4f-E6) using 14.5 keV Csþ ions. The
measured sulfur concentration was calibrated with a planar Si:S implan-
tation standard. The crater dimension was 50 by 50 μm and the depth was
measured by the sputtering rate on the calibration sample.

We investigated the current–voltage characteristics across the hyper-
doped layer of samples which were processed on p-type float zone
grown wafers (100) with a resistivity of 2000–8000Ω cm. After laser proc-
essing, we cleaned the samples in solvents (acetone, isopropanol, and DI
water) and performed hydrofluoric acid (HF) dip (1% HF solution, 5 min)
to remove the native surface oxide. We deposited two circular aluminum
contacts with 1 mm in diameter and 300 nm in thickness through a
shadow mask on the hyperdoped silicon surface by magnetron sputtering
and thermally annealed the samples after metal deposition on a hot plate
in air at 400 °C for 1 min. We measured the current while applying voltages
from �2 to 2 V.

To be able to directly probe the possible effect of the laser pulse dura-
tion on the achievable minority carrier lifetime, in addition to using high-
quality substrates to mitigate bulk recombination, we also mitigated
surface recombination by applying ALD Al2O3 surface passivation[43–45]

prior to characterizing the effective minority carrier lifetime. First, the sam-
ples were cleaned with solvents (acetone, isopropanol, and DI water) and
the standard radio corporation of America (RCA) cleaning sequence. Then,
Al2O3 deposition was performed on both sides of the wafers in a Beneq
TFS-500 ALD reactor for 500 cycles at 200 °C with trimethylaluminium
(TMA) and H2O as precursors. After ALD, the passivation was activated
by a postdeposition anneal in forming gas at 400 °C for 30 min. The effec-
tive minority carrier lifetime as a function of injection level was then mea-
sured using the quasi-steady-state-photoconductance (QSSPC) technique
with a Sinton WCT-120 lifetime tester.
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