OPEN ACCESS
10OP Publishing

Nanotechnology

Nanotechnology 34 (2023) 015704 (9pp)

https://doi.org/10.1088,/1361-6528/ac9419

Optical properties of black silicon structures
ALD-coated with Al,O3

David Schmelz' ®, Kristin Gerold'*, Thomas Kisebier', Natali Sergeev’,

Adriana Szeghalmi'~*® and Uwe D Zeitner'

! Institute of Applied Physics, Abbe Center of Photonics, Friedrich Schiller University Jena, Germany
% Fraunhofer Institute for Applied Optics and Precision Engineering IOF, Jena, Germany

E-mail: david.schmelz@uni-jena.de

Received 21 June 2022, revised 19 September 2022
Accepted for publication 22 September 2022
Published 12 October 2022

Abstract

®

CrossMark

Atomic layer deposited (ALD) Al,O5 coatings were applied on black silicon (b-Si) structures. The
coated nanostructures were investigated regarding their reflective and transmissive behaviour. For
a systematic study of the influence of the Al,O; coating, ALD coatings with a varying layer
thickness were deposited on three b-Si structures with different morphologies. With a scanning
electron microscope the morphological evolution of the coating process on the structures was
examined. The optical characteristics of the different structures were investigated by spectral
transmission and reflection measurements. The usability of the structures for highly efficient
absorbers and antireflection (AR) functionalities in the different spectral regions is discussed.
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1. Introduction

Black silicon (b-Si) nanostructures are well known for their
capabilities as antireflection (AR) and light-trapping structures. As
such, they have a wide range of applications, for example, in solar
cells [1-4], absorbers [5-7], IR optics [8], photoelectrochemical
(PEC) hydrogenation [9], photothermic conversion [10] or Si-
platform photodetectors [11-14]. Especially in the application on
solar cells, they show a significantly improved performance
compared to commonly used micro-scale random pyramids
[1, 15, 16]. For optoelectronic devices, like solar cells, it is
necessary to apply a thin conformal oxide coating for the passi-
vation of the large surface area exposed by the b-Si structure. This
prevents strong surface recombination effects and increases the
carrier lifetimes significantly [17-19]. For passivation purposes, it
is state of the art to apply thin Al,O5 coatings by atomic layer
deposition (ALD) due to the achievable high conformity and low
defect density [17-20]. Typical Al,O5 passivation coatings have a
thickness of 10-30 nm [1, 13, 16]. By using a thin ALD coating,
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the AR effect of the b-Si structures can be even further improved
[1, 5]. In addition, Al,O3 coatings can serve as protection layers
against diffusion and (chemical and mechanical) degradation in
harsh environments [21, 22].

Even though the ascertained experimental results
achieved with Al,Oz.coated b-Si are promising, the main
drawback of these structures is their mechanical instability.
By an increase of the layer thickness, we expect an
improvement of the mechanical stability of the coated b-Si
structures and thus an extension of their potential application.
In this regard, Otto [20] also noted an increase in carrier
lifetimes for thicker Al,O5 coatings.

While the influence of the Al,O5 coatings on the electrical
properties of b-Si structures is well studied, there is little infor-
mation on the influence of the Al,O3 coatings on the optical
properties of b-Si structures. In particular, no systematic studies
on the dependence on the layer thickness could be found. Since
we expect a significant increase in stability for higher layer
thicknesses, we investigate their influence on reflection and
transmission. Due to its bandgap at 1.12 eV, Si is absorptive up to
about 1.1 um wavelength. While reflection is of greater relevance
for absorption and detection purposes, specular transmission is
crucial for AR applications at longer wavelengths.

© 2022 The Author(s). Published by IOP Publishing Ltd


https://orcid.org/0000-0002-5181-9919
https://orcid.org/0000-0002-5181-9919
https://orcid.org/0000-0003-2055-2825
https://orcid.org/0000-0003-2055-2825
https://orcid.org/0000-0002-3980-6971
https://orcid.org/0000-0002-3980-6971
mailto:david.schmelz@uni-jena.de
https://doi.org/10.1088/1361-6528/ac9419
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/ac9419&domain=pdf&date_stamp=2022-10-12
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/ac9419&domain=pdf&date_stamp=2022-10-12
http://creativecommons.org/licenses/by/4.0

Nanotechnology 34 (2023) 015704

D Schmelz et al

) -‘ "(-) d
BT B A T
J-rl ""‘ F“I‘.,. - A

| Ll | ¥ 54 '

‘ LT $4 )\
VAR PN A A A A
‘ '&‘ ’ﬁ", ;! t:-[ fl"’)'o«

Figure 1. SEM images of b-Si structures with different etching times at 30° oblique view, top view and cross-sectional view.

2. Experimental details

2.1. Fabrication

The b-Si nanostructures were fabricated on only one side of
100 mm Si wafers (double-side polished (dsp), CZ, 5-10
Q*cm, p-doped) by an inductively coupled plasma reactive
ion etching process (ICP-RIE) with SFg as etchant gas. The
addition of O, stimulates the generation of silicon oxyfluor-
ides which protects the Si from chemical etching. Because of
their instability to heat and ion bombardment, they primarily
cause passivation of the sidewalls, keeping them smooth and
promoting etching in a vertical preferential direction. The
addition of O, is thus essential to the self-masking process
that allows the formation of b-Si [23, 24]. The etching process
is carried out at low temperatures (—40 °C to —30 °C) and is
based on a fabrication process that has been established over
the past years [24]. Three different samples varying in etching
times of 5, 10 and 20 min were processed at a pressure of 2
Pa, a SFg and O, flow of 60 sccm each, a 13.56 MHz RF
power of 10 W and a moderate ICP power of 750 W at a
starting temperature of —40 °C increasing slightly over
etching time.

After structuring, the wafers were diced into 25 x 25
mm? chips. Subsequently, conformal Al,O; coatings with
various thicknesses were deposited using a plasma-enhanced
ALD (PEALD) process (OpAL, Oxford Instruments). For the

deposition process, trimethylaluminum (TMA) was used as
metal-organic precursor and O, plasma as oxygen source.
Depositions were carried out at temperatures of 100 °C. The
Al,O5 layer thickness was determined on unstructured Si
witness samples by spectroscopic ellipsometry (M2000, J.A.
Woollam) and found to be 30 nm, 60 nm, 100 nm, 200 nm,
400 nm and 600 nm on the polished surfaces. It should be
noted, however, that the significantly increased surface area
of the nanostructures results in substantially higher material
deposition in total.

2.2. Characterisation

After preparation, the samples were characterised in a Hitachi
4800 scanning electron microscope (SEM) regarding their
structural morphology. Subsequently, the samples were
optically analysed in two different measurement setups. In a
Lambda 950 spectrometer (Perkin Elmer) with an included
150 mm integration sphere setup the hemispherical reflec-
tance between 300 and 2000 nm wavelength was measured.
The standard angle of incidence for that reflection setup is 8°.
In addition, the specular transmission over a spectral range of
1000 to 2000 nm was measured with an angle of incidence of
0°. For wavelengths in the infrared range, transmission
measurements were done in an Excalibur Series 3100 FTIR
spectrometer (Varian, now Agilent Technologies) for wave-
lengths of 1.7-25 pum.
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Figure 2. Hemispherical reflectance of uncoated b-Si structures at
wavelengths from 300 to 2000 nm.
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Figure 3. Principle schematic of the light trapping effect.

Table 1. Structural parameters of b-Si structures.

Etching time Smin  10min 20 min
Depth [pm] 1.2 2.1 33
Correlation length [nm] 159 258 456

3. Results and discussion

3.1. Uncoated black silicon structures

The b-Si morphology can be described by two main structural
parameters: the structure height and the lateral correlation
length. The former is estimated by a SEM cross-section
inspection. The latter is a gauge for the lateral dimension of
the nanostructures and related to the mean etch pore diameter.
It is determined from the autocorrelation function of a top
view SEM image. For this, the two-dimensional auto-
correlation function is calculated from the image and subse-
quently accumulated and averaged over a radial line at each
polar angle. As described by Steglich et al [24], structure
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Figure 4. Specular transmittance of uncoated b-Si samples measured
by Lambda 950 spectrometer and FTIR spectrometer.
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Figure 5. Specular transmittance of uncoated b-Si samples measured
by FTIR spectrometer over a spectrum from 1.7 to 25 um.

depth and correlation length are related to each other. With a
longer etching time, there is an increase in both parameters
[24]. Figure 1 shows each of the uncoated structures at three
different views: a tilt angle of 30° (left), a top view (centre)
and a cross-sectional view (right). Table 1 lists the determined
values for structure height and correlation length for the three
structures presented.

Figure 2 depicts the hemispherical reflectance of the
uncoated structures at wavelengths from 300 to 2000 nm. For
shorter wavelengths, displayed enlarged in figure 2, the
hemispherical reflectance of the structures is in the range of
1% and shows approximately a similar behaviour for the three
different structures. Among the structures, the 5 min etched
sample has the lowest reflectance values (~0.5%). At wave-
lengths between 860 and 920 nm, there are stronger fluctua-
tions in the measured values, which are characteristic for the
used Lambda 950 spectrometer and are caused by a switch in
the measuring photodetectors. However, these are not of high
relevance for the aspects to investigate.
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Figure 6. b-Si structures, 10 min etched, deposited with Al,O5; with increasing layer thickness.




Nanotechnology 34 (2023) 015704

D Schmelz et al

From a wavelength of 1050 nm, the reflectance rises
strikingly as the Si substrates lose their absorptive properties
in this range. The reflection then derives from the polished
backside of the substrates. While the Fresnel’s reflectance at
the interface between Si (n ~ 3.49) and air at normal inci-
dence is about 30%, considerably higher reflectance values
were observed here, which cannot be explained by an
increasing reflectance of the b-Si surface. Instead, the higher
reflectance is caused by a transmissive scattering effect into
the Si substrate when passing the b-Si structure. For higher
scattering angles, the internal reflectance increases and ends
up in total reflection for angles >17° [11, 25, 26]. Thus,
portions of light may propagate several cycles through the
substrate before leaving it, either transmitted or reflected. The
resulting light trapping effect (with the difference that light is
not absorbed) is illustrated graphically in figure 3.

The multiple reflection of the scattered light leads to a
randomization of the propagating light within the Si substrate.
The randomized light thus leaves both surfaces of the sub-
strate in a more equalized ratio. This results in an upward shift
in the total amount of back-reflected light. This effect
becomes particularly clear when considering the reflectance
of the 5 min etched sample in figure 2. Comprehensible for
stochastic nanostructures with a certain distribution of lateral
dimensions, the amount of scattered light increases for shorter
wavelengths due to the greater amount of structures that are
larger than the wavelength. For longer wavelengths instead,
the scattering effect diminishes and turns into a sub-
wavelength-based AR effect, eventually approximating the
Fresnel reflections of front (<1%) and back side (~30%).

For the two other b-Si samples with larger structures
(10 min, 20 min) the amount of scattered light is even higher.
Hence, the light trapping effect is more prominent, which
results in a higher reflectance. In the right margin of figure 2,
the graph of the 10 min etched sample already indicates a
similar approximating decay to the Fresnel reflection when
moving further towards longer wavelengths in the IR range.
This corresponds to the measurements of the specular trans-
mission. Figure 4 combines the measurements of the specular
transmission in the Lambda 950 spectrometer and the FTIR
spectrometer. The 5 min etched sample shows a strong
increase in the specular transmittance starting already at 1000
nm wavelength and reaching its maximum at 4270 nm. For
the other two samples instead, transmissive scattering dom-
inates in the shortwave infrared (SWIR, 1-3 ym wavelength)
due to the larger lateral dimensions. Accordingly, the specular
transmission first starts to increase at longer wavelengths.

For AR applications, the transmissive behaviour of b-Si
structures in the infrared regime is of importance. Figure 5
shows the specular transmission measured by the FTIR
spectrometer from 1.7 to 25 pm wavelength. Hereby, former
results by Steglich et al [8] could be confirmed. The mea-
surements show that b-Si structures act as AR structures for
infrared Si optics. Therefore, the etching process, e.g. the
etching time, must be adapted to the spectral range of the
application. Especially for wavelengths in the midwave
infrared (MWIR, 3-5 pm wavelength), the AR structures
come close to the ideal transmission value of 70% for one-

Figure 7. Cross-sectional view (10°) of 20 min etched sample coated
with 600 nm Al,Os3.

side structured Si samples and thus provide a conceivable
alternative to AR coatings on Si optics. The challenge,
however, is the fabrication of structures with an AR effect
over a broader spectral range. Therefore, structures with
higher aspect ratios are favourable.

3.2. Influence of Al,O3 coatings

Proceeding from the values of the uncoated b-Si structures, in
the following the influence of the Al,Oj3 coatings on the
structures and their optical behaviour is examined. Figure 6
illustrates the evolution of the structural morphology with
increase in Al,Os layer thickness. With increasing layer
thickness, the initially sharp edges become rounder until the
structures are completely filled with Al,O5 (see figure 7).
Based on the images shown, an increasing mechanical sta-
bilisation with increasing layer thickness is presumed.

Figure 8 shows the hemispherical reflectance of the
structures coated with different thicknesses of Al,Oz at
wavelengths from 300 to 1000 nm. All three investigated b-Si
structures show comparable reflective behaviour in the VIS
and NIR spectral range. Up to thicknesses of 100 nm, the
reflectance is in a comparable range to that of the uncoated
structures. Partially, the reflectance is also below. For 30 nm
Al,O3, the hemispherical reflectance is improved over the
entire spectral range. It should be emphasised that for all layer
thicknesses investigated, the reflectance is still below a single
surface Fresnel reflectance between air and Al,Oz (dashed
line, calculated from the refractive index of Al,Oj3 thin
films [27]).

Figure 9 compares the measured values of the 10 min
etched structure with those of a random pyramidal texture
typical for use in Si solar cells [15] and a polished Si sample
[28]. In this context, it becomes clear that also b-Si structures
with thicker Al,O; coatings are suitable antireflection or light
trapping structures, especially for broadband applications.

Considering the reflectance in figure 10 at wavelengths
up to 2000 nm, for which Si is transparent, there is a reversal
in the effect of the Al,Oj coatings. Up to 1100 nm wave-
length, the reflectance is lower for thinner layer thicknesses,
whereas for wavelengths above 1100 nm, the reflectance is
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Figure 8. Reflectance of different b-Si samples
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Figure 10. Reflectance of 10 min etched b-Si sample coated with
Al,O5 at varying layer thickness.

lower for thicker Al,O3 coatings. We can assume that this
effect is directly related to the transition of Si from an opaque
to a transparent medium. For the thicker coatings we suppose
a lower contrast in the refractive index and a higher amount of
planarization. These two aspects reduce scattering and

coated with Al,Oj3 at varying layer thickness.
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Figure 11. Specular transmittance in the SWIR spectral range for 5
and 10 min etched samples with varying Al,O5 layer thickness
measured by Lambda 950 spectrometer.
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Figure 12. Specular transmittance of 5 min etched b-Si structure
Al,O5-coated with varying thickness measured by FTIR. Inside is
shown the refractive index of Al,Os.

increase the amount of specular light at the coated b-Si sur-
face instead. The scattering of light, however, is essential for
the effect of light trapping. While light trapping reduces the
reflectance for absorbing materials, it is the opposite for
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Figure 13. Comparison of the specular transmittance of b-Si structures with plasma-enhanced (left) and thermal (right) ALD coating.

transparent materials. Here, the reflection increases, as already
discussed for the uncoated structures with different lateral
dimensions in section 3.1 (see figure 2). Further research on
this issue is beyond the scope of this paper. Yet, it is also in
accordance with the measurements of the specular transmit-
tance in the same spectral range displayed in figure 11.

Figure 11 shows the specular transmission of the coated
b-Si structures measured with the Lambda 950 spectrometer.
It is apparent that for an application in the SWIR, the lateral
dimensions of the b-Si structures need to be smaller to prevent
scattering and increase the specular transmittance.

Nevertheless, it becomes obvious that the specular
transmission in the SWIR rises with higher Al,O; layer
thickness.

Further measurements in the FTIR spectrometer were
carried out to study the influence of Al,O5 coatings on b-Si
structures towards longer wavelengths. Figure 12 displays the
specular transmission of the 5 min etched b-Si structures.
Regarding its complex refractive index, Al,O5 coatings are
only suitable for an application up to wavelengths of about
8 um. For longer wavelengths, the extinction coefficient k of
Al,O5 strongly increases [27], which makes a further appli-
cation not very reasonable. With the larger amount of coated
material due to the larger surface area of the b-Si structures,
the absorption is even higher compared to coatings of the
same thickness on polished surfaces.

Besides the element-specific absorption effect of Al,O3
for wavelengths above 8 pm, further absorption dips were
observed for shorter wavelengths. The absorption dip at
2.8 um wavelength (3570 cm™') is typical for PEALD and
well described by Shestaeva et al [29]. It is based on OH
stretching vibrations and strongly dependent on the coating
temperature. The lower the temperature, the more hydro-
xylation and formation of OH groups occur [29]. The exact
position of the absorption peak indicates the strength of the
binding of the OH groups. The weak slope of the absorption
dip towards longer wavelengths is also in accordance with the
literature [29, 30]. Verlaan et al [30] furthermore describe the
double peak at 6.25 pm (1600 cm™ ') and 6.76 pm (1480

cm ') wavelength that originates from CO vibrations. Again,
it is strongly related to the process temperature during
deposition. Thereby, the CO concentration decreases with
increasing temperature. In the context of our studies, we could
not confirm the described effect of an annealing step at 400
°C. The expected effect of absorption reduction by annealing
did not occur. A further absorption dip is located at a wave-
length of 7.6 um. It is less prominent and assigned to sym-
metric OCO stretching vibrations of carbonate groups bound
to alumina [31, 32].

For a reduction of the high impact of absorption, we
deposited a 100 nm thick Al,O3 coating with a thermal ALD
process at 380 °C process temperature using H,O as oxygen
source on an uncoated b-Si structure. The structures were
subsequently measured in the FTIR spectrometer. Figure 13
compares the obtained results to those of a PEALD-coated
b-Si structure with the same layer thickness of 100 nm. Due to
a slight modification in the etching process of the used b-Si
structure, the transmission curves of the initial uncoated
structures are spectrally slightly shifted. However, the pre-
viously observed absorption dips completely disappeared for
the thermal ALD coated structures.

4. Conclusion

This paper presents a broad study on the optical reflectance
and transmittance properties of black silicon nanostructures
functionalised with Al,O5 coatings applied by an ALD pro-
cess. For this purpose, three b-Si structures with differing
morphologies were optically characterised. The coating
thickness varies here in a range between 30 and 600 nm.

In previous studies, electrical passivation of b-Si struc-
tures was the decisive reason for conformal coatings with thin
Al,O3 up to several tens of nanometer in thickness. The
investigation of thicker coatings was therefore not required.
Mechanical stability, on the other hand, has not yet been
taken into account in previous publications. However, it is a
crucial aspect for the transfer of b-Si structures into broad
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application. It is critical, not only for applications where the
component is directly exposed to laboratory or outdoor
environments, but also for components which are enclosed
and meet several assembly steps including handling and
cleaning. The mechanical stability is to be improved by
embedding the structures in the coating material Al;O3, which
is already used in the context of black silicon. The authors
anticipate mechanical improvement even for thin coatings
with less than 100 nm thickness, as a results of the increasing
rounding of the previously sharply edged structures. With an
increase in coating thickness, a further increase in stability is
assumed. Due to the conformal coating, the b-Si nanos-
tructures with depths of 1.2-3.3 um were already fully
embedded at a coating thickness of 400-600 nm, which
promises additional reinforcement. Yet, it is important to
evaluate whether the gain in mechanical robustness can be
justified from an optical point of view.

For the optical characterisation, it is necessary to distin-
guish between two basic functions of the b-Si structures
depending on the absorbance of Si. Up to wavelengths of
1.1 pm around the bandgap of Si, b-Si structures are mainly
used as light trapping structures with transmissive scattering
properties to maximize absorption and therefore minimize
reflection. While for thin Al,Os; coatings the reflectance
remains in the same range as for uncoated structures or is
even slightly enhanced, the reflectance thereafter increases
with increasing layer thickness. With the advantages in
electrical passivation and mechanical stability, thin Al,O;
coatings up to 60 nm can be principally recommended. For
coatings up to 200 nm, reflectance values of less than 2%
were measured partially. Hence, this slight increase in refle-
tance could be significantly outweighed by the gain in addi-
tional mechanical stability. Nonetheless, for every coating
thickness investigated, the reflectance of the whole structure
system remains well below the Fresnel reflectance value of a
single polished air-Al,O5 interface. In particular, the broad-
band low reflectance over the range from 300 to 1000 nm
wavelength should be emphasised. Due to this broadband
capability, the overcoated structures could, for example, be
considered as an alternative for the random pyramidal textures
typically used in Si photovoltaics.

For longer wavelengths than 1.1 um, the focus is instead
on antireflection properties with high specular transmittance for
use in infrared optics. For shorter wavelengths than 2 pm, the
investigated structures show a large amount of scattering, which
makes them unsuitable for AR purposes in this spectral range.
The deposition of an Al,O5 coating can increase the specular
transmittance in this case due to the lower difference in
refractive index. As demonstrated in this paper, it is feasible to
find a suitable nanostructuring with an overcoated Al,O;
coating for an AR effect in the infraed spectral range up to 8 ym
wavelength. For this, the selection of a suitable etching process
with the appropriate process parameters as well as the con-
sideration of the optical effect of the Al,O; coating is important.
A strong increase in the absorbance of Al,O; prevents a rea-
sonable application towards wavelengths longer than 8 pm.
Depending on the applied ALD process and the process
temperature, absorption dips occur also at shorter wavelengths.

This indicates hydroxylation of the Al,O5 coatings. To reduce
these absorption effects, a thermal ALD process is recom-
mended. When using a plasma-enhanced ALD process, a
higher process temperature should be selected.

The aim of the investigations was to gain an understanding
of the optical properties using ALD-coated nanostructures in
order to find suitable compromises between optical enhancement
and mechanical stability. The obtained findings provide a basis
for future investigations on the mechanical stability of such
coated nanostructures. Depending on potential applications,
other coating materials can also be considered for investigation.
Knowing that mechanical stability is a fundamental problem of
black light-trapping and absorber structures, this paper aims to
provide an impulse for further systematic research on nanos-
tructures mechanically stabilised by ALD coatings.
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