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Abstract: Antireflective (AR) nanostructures offer an effective, broadband alternative to conventional
AR coatings that could be used even under extreme conditions. In this publication, a possible
fabrication process based on colloidal polystyrene (PS) nanosphere lithography for the fabrication of
such AR structures on arbitrarily shaped fused silica substrates is presented and evaluated. Special
emphasis is placed on the involved manufacturing steps in order to be able to produce tailored and
effective structures. An improved Langmuir-Blodgett self-assembly lithography technique enabled
the deposition of 200 nm PS spheres on curved surfaces, independent of shape or material-specific
characteristics such as hydrophobicity. The AR structures were fabricated on planar fused silica wafers
and aspherical planoconvex lenses. Broadband AR structures with losses (reflection + transmissive
scattering) of <1% per surface in the spectral range of 750–2000 nm were produced. At the best
performance level, losses were less than 0.5%, which corresponds to an improvement factor of
6.7 compared to unstructured reference substrates.

Keywords: antireflection; moth-eye nanostructures; colloidal lithography; polystyrene nanospheres;
Langmuir-Blodgett; reactive ion etching; fused silica lens

1. Introduction

In the fields of optics and photonics, increasing diversification and specialization with
regard to the design and materials of optical systems is a current trend. The development
of material- and form-specific solutions benefits from this. A typical case here is the
antireflection (AR) effect of particular optical components. For special shapes such as
free-form [1–4] or structured [5–7] surfaces, extended spectral ranges, or application in
environments with extreme conditions [8,9], conventional AR coatings are often not readily
applicable. AR structures, also called moth-eye structures, are a possible alternative for
this purpose [10,11]. These are conical subwavelength structures that cause a continuous
increase in the effective refractive index due to the continuous increase in the fill factor at
the transition from air to the optical device. Reflections based on index jumps are thereby
prevented or reduced. The advantages of these structures are their large spectral bandwidth
and the material homogeneity. Moreover, they can be combined with coatings for more
sophisticated optical solutions [12–14].

AR structures can be differentiated by their arrangement: Deterministic structures [15–18]
offer good regularity and control of the structures. However, they are very expensive due
to the lithography or direct writing effort required and are difficult to apply on non-
planar surfaces. Stochastic structures [1,5,19–22], on the other hand, are inexpensive and
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more flexible in terms of surface shape. However, they are difficult to control due to the
statistical variances regarding their dimensions and due to the process parameter-sensitive
fabrication. Their irregular structure produces optical scattering [23] and inevitably requires
compromises in terms of optical performance. This prevents specifically customized
solutions for specific optical devices. In-between are structures produced with lithographic
self-assembly methods [3,23–25]. Due to their regularity, they allow for a good adaptation
to the optical requirements. On the other hand, they can be applied in a relatively cost-
effective and flexible way on arbitrarily shaped substrates.

In this paper, the application of an improved Langmuir-Blodgett (LB) self-assembly
lithography technique is presented. In this process, polystyrene (PS) nanospheres with a
selected diameter are deposited on a substrate in a self-arranging monolayer. This creates
a hexagonal array that can be used as a pattern for further lithographic processes. The
pattern is first transferred into an underlaying Cr layer that subsequently serves as mask for
etching into the fused silica substrate. The produced AR structures are afterwards optically
evaluated with regard to their AR effect.

Colloidal lithography techniques are often used in combination with metal-assisted
chemical etching (MACE) for the fabrication of silicon structures. Typically, PS nanospheres
serve as negative masking for the deposition of a noble metal that is used for the etching
process [26–29]. MACE is mainly applied for patterning silicon and cannot be transferred
to glass materials. In this paper, PS nanospheres serve as a positive mask [9,23,30–32],
and reactive ion etching (RIE) techniques are used for the creation of the structures. This
approach is much more broadly applicable on different materials and shapes. Using this
method for the generation of AR structures on fused silica substrates [9,13,23,33] comes
with certain challenges regarding the fabrication of suitable structures. The insertion of
an additional Cr layer [15] between the PS spheres and the substrate increases the etch
selectivity and thus allows for better process adaptation. Consequently, sophisticated
structures with a high aspect ratio, smooth sidewalls, and an adapted structure profile
can be fabricated that then achieve better AR performance. This paper aims to present a
guideline for the fabrication of such AR structures on fused silica substrates. It focuses on
certain fabrication aspects that should be considered in order to obtain structures that are
most suitable for reaching a high transmission level.

2. Fabrication

Figure 1 illustrates the steps of fabrication of the AR nanostructures. The pro-
cess starts from a fused silica substrate with a 30 nm thick Cr layer deposited by ion
beam deposition (IBD). The used substrates were IR-grade fused silica wafers of 1 mm
thickness and 50.8 mm (2′′) diameter (see Figure 2), and planoconvex aspherical lenses
of 2 mm thickness, 25.0 mm diameter, and 46.07 mm radius of curvature in Corning
7980 UV-grade fused silica glass. Figure 2 shows a single-side patterned 2-inch wafer in
comparison to a double-side-polished (dsp) reference wafer. There are scratches from
handling during the investigations on the left and bottom edges of the sample as well as
some inhomogeneities.

Regarding the fabrication, the focus is on four manufacturing steps:

1. Deposition of PS nanospheres: A compact PS monolayer is formed by a self-organized
arrangement of PS spheres on the water surface and subsequent compression with
surfactant addition. A slow drainage of the water enables their deposition on a
substrate located at the bottom of the water basin.

2. Shrinkage of PS nanospheres: An O2 plasma RIE step ensures the shrinkage of the
individual PS nanospheres and thus the adaptation of the masking to the subsequent
structuring process.

3. Transfer into Cr mask: The PS masking is transferred into the underlaying Cr layer us-
ing a chlorine-based RIE process. A key factor here is the generation of rounded edges.
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4. Etching of AR structures: The Cr mask is etched into the substrate material by a
stretched proportional transfer with inductively coupled plasma reactive ion etching
(ICP-RIE). This forms vertically tapered AR structures in the substrate.
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Figure 2. Photographs of two fused silica 2-inch wafers for comparison. A single-side patterned
sample with fabricated AR nanostructures (left) is placed next to a double-side polished (dsp)
reference wafer (right). The focus of the camera is set once (a) on the samples and once (b) on the
reflected objects.

The method for preparing the PS monolayer is an improved version of the Langmuir-
Blodgett (LB) method [26]. Instead of moving mechanical barriers, like in the standard
LB process, the compression of the PS spheres is induced by surfactant functionalization.
100 µL of the original suspension is diluted with 1100 µL of ethanol. Subsequently, 5 µL of
hexylamine is added for the surface functionalization of the PS nanospheres. The mixture
is then sonicated for 30 min. The sample is immersed beneath the water of a Petri dish, and
100 µL of the prepared suspension is slowly injected into the water surface by a syringe.
The PS nanospheres spread over the water surface and form a loose monolayer. Then, ca.
50 µL of a 10 wt% sodium dodecyl sulfate (SDS) water solution was injected with another
syringe at the edge of the Petri dish. The SDS molecules form a monolayer and dynamically
self-assemble themselves during the deposition, so that the pressure at the edge of the PS
nanospheres is maintained. The loose PS sphere monolayer is compressed by the SDS and
aligned in a hexagonal pattern by the effect of Van der Waals forces. A slow sinking of the
water level enables their deposition on the underlaying sample (see Figure 3).
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of a guard ring.

The developed process is significantly simpler, faster, and more fault-tolerant than the
standard LB method. In such a way, a conformal deposition of the PS or other nanomaterials
such as graphene can be realized on complex 3D shapes and is independent of the surface
conditions of the substrate, such as hydrophilicity [34,35]. Moreover, the process offers a
good potential for upscaling to larger areas.

The fabrication process was initially developed for structures with a 600 nm pe-
riod [26], where an aqueous PS nanosphere suspension from Microparticles GmbH was
diluted in ethanol and functionalized with hexylamine in an optimized ratio of PS:ethanol:
hexylamine = 100:100:5 (in v:v). For applications in the VIS and NIR spectral ranges, the
200 nm period and the associated change to nanospheres with 200 nm diameter were mod-
ified, so that the ratio of the individual components needed to be optimized. In this work,
the ratio of PS:ethanol:hexylamine = 100:1100:5 (in v:v) was the optimal condition.

The generated monolayer on the sample serves as a template for transfer into an
underlaying 30 nm thick Cr layer. The period of the hexagonal pattern is defined by the
diameter of the nanospheres. After the deposition, an O2 plasma etching step is performed
in a RIE plasma etcher SI 591 from SENTECH Instruments GmbH. This shrinks the spheres
into a desired size while they remain in their respective positions, and the period stays fixed
(see Figure 4). This creates a sufficiently large etch aperture through which the subsequent
etching process can attack and form separated structures. If this step is not performed,
undesirable contiguous structures result, as shown in Figure 4d. It is important to optimize
the amount of shrinkage, so that, on the one hand, the structures are well-separated from
each other, and, on the other hand, sufficient etch masking material remains. This can be
controlled by selecting the appropriate etching time. For the O2-RIE process, a standard
recipe for the etching of organic photoresists with an RF power of 50 W and an O2 gas flow
of 50 sccm was chosen. The shrinkage of the organic PS nanospheres is time-dependent.
Figure 5 shows the measurements of the diameter of the shrunk PS spheres inspected with
scanning electron microscopy (SEM). It shows a linear dependence between etching time
and diameter. Variations in terms of shrinkage were observed for different sample sizes,
which must be considered when setting the etching time.

For the transfer of the mask into the Cr layer, the choice of the etching technology
is decisive. The applied chlorine RIE process (2 min, Cl2 50 sccm, O2 10 sccm, RF power
100 W) with its isotropic etching component shapes the Cr mask so that it has a slightly
descending, rounded sidewall on the outside. This forms the basic shape for the structure
profile that can subsequently be transferred into the underlaying fused silica substrate
by a stretched proportional transfer. If an ion beam etching (IBE) process with only a
physical etching component were used for the transfer instead, the resulting redeposits
would produce mask profiles with a slightly outwardly increasing shape. These mask
profiles would not be suitable for the following ICP-RIE process. This issue is illustrated
in Figure 6, showing PS spheres with 600 nm period on a 30 nm thick Cr layer deposited
on a silicon substrate, as silicon is clearly easier to image in an electron microscope than
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fused silica is. Of the two samples, one was etched with RIE and the other with IBE. The
differences in the resulting shape of the Cr masks on the two samples are clearly visible.
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Figure 6. Comparison between (a) RIE and (b) IBE etching for opening the Cr mask layer. The
isotropic component of the RIE etching shapes a rounded mask profile, while the IBE etching creates
redeposits resulting in an elevation of the edge region. PS nanospheres with a diameter of 600 nm
were used. The process was applied to Si substrates for better visualization in the electron microscope.

The etching of the Cr mask is followed by an ICP-RIE etching step with CHF3 as
the etchant gas at a gas flow of 12 sccm. The process is performed in an ICP-RIE plasma
etcher SI 500C etcher by SENTECH Instruments GmbH at relatively high temperatures of
75 ◦C and a moderate ICP power of 180 W. The process was bias-controlled with a bias
voltage of −180 V in the RIE chamber and 20 min duration. It can be considered a stretched
proportional transfer of the Cr mask into the SiO2 substrate. Conical structures were formed
in the fused silica 2-inch wafers, as shown in Figure 7a,b. After 20 min, the structures show
positive sidewall slopes. In the bottom region, they are connected to each other. Further
etching progress is stopped due to the RIE lag respectively aspect ratio dependent etching
(ARDE) [36]. The resulting structures have a height of about 600 to 700 nm. With respect to
the 200 nm period, this corresponds to an aspect ratio of 3 to 3.5.

The fabrication process is relatively sensitive towards the substrate material and shape.
Transferring the process towards the planoconvex SiO2 lenses requires some adjustments
of the process times in the O2-RIE and ICP-RIE steps 2 and 4. The O2-RIE process time was
extended from 1 min to 1.5 min, as the etch rate of the shrinkage was lower. The ICP-RIE
process time was shortened from 20 min to 15 min. This also resulted in slight changes
of the structural profile. The structures on the lens are shown in Figure 7c,d. Instead of a
conical profile with a constant sidewall angle, a rather bottle-like profile was formed that
was close to the Klopfenstein profile [37]. Compared to other structural profiles optimized
for the optimal coupling of light, the Klopfenstein profile is very effective in light coupling
at comparatively low structural heights [38]. Hence, the structures are very suitable for
effective antireflection.

After the etching of the SiO2 moth-eye structures, the remaining residuals of the PS
spheres and the Cr layer are removed with O2-RIE and Cl-RIE. The fabrication process is
then completed. The samples were inspected at different positions. They showed similar
structural profiles over the entire sample.
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3. Characterization

For the evaluation of the AR properties, the realized structures were characterized
using a Lambda 950 spectrometer (Perkin Elmer) with an internal 150 mm diameter in-
tegration sphere. The structured samples were measured with respect to their specular
transmission over a spectrum of 320–2000 nm and compared to unstructured reference
samples. The measurement spot on the sample had a size of about 8 × 12 mm2. Besides
the specular transmittance, the integration sphere enables the measurement of the total
transmittance (consisting of specular and scattered transmissive light). This allows for
the differentiation between losses via reflection and transmissive scattering. The former
gives an estimate of the AR effect. The latter, on the other hand, is caused by defects in the
structure (see Figure 7b). These defects mainly emerge during the deposition process of the
PS spheres. In the case of a perfect defect-free assembly of the spheres, the AR structures
would be in the subwavelength range. The defects, however, disrupt this subwavelength
effect by adding lower spatial frequencies to the pattern, which causes scattering.

Figure 8 shows the measurement results of the structured 2-inch wafer sample (dis-
played in Figure 7a,b). It plots the specular transmission Tspec and total transmission Ttotal
of the AR structured sample compared to a double-side polished (dsp) reference SiO2
sample. The reference sample measurements agree with the theoretical Fresnel reflectance
values. From transmittance T of the reference sample, the transmittance of a single polished
surface is calculated that is, in the case of a one-side structured sample, equivalent to an
ideal AR effect. For an easier assessment of the AR structures, the transmittance of only the
single-patterned surface is also determined and is plotted in Figure 8b.
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The fabricated structures have a rounded rather than pointed profile towards the tip.
This is beneficial for longer wavelengths where the structural height is lower in relation to
the wavelength [23]. The reflectance curves show a broadband AR effect over the entire
measurement spectrum. The specular transmission is significantly increased in the range of
500–2000 nm. Between 750 and 2000 nm, the specular transmittance per surface was above
99%. At its maximum at around 1100 nm, losses are less than 0.5%, which corresponds to
an improvement factor of 6.7 compared to the polished reference SiO2 surface.

From 2000 nm towards shorter wavelengths, the transmittance slightly increases
and reaches its maximum as the ratio between height and wavelength also increases.
Ji et al. [23] describe this part of the spectrum as the range where the shape of the structures
is most decisive for the AR effect. Left of the maximum, towards lower wavelengths,
the arrangement of the AR structures is the most important factor. For wavelengths
above 1000 nm, the transmissive scattering losses are rather neglectable. Towards shorter
wavelengths, the gap between Tspec and Ttotal grows, indicating an increasing influence
of the pattern defects that cause scattering. The decrease in specular reflectance already
starts at relatively long wavelengths compared to the structure width of 200 nm. This
can be explained by the randomization of the structure due to the presence of defects.
Stochastically distributed AR structures exhibit scattering effects even for wavelengths that
are significantly longer than the average structure width [23,39]. However, total reflectance
Ttotal decreases as well, which indicates an increasing reflectance. This can be explained by
the presence of larger areas with low inclination due to defects and the absence of steep
structures in these areas. The shorter the wavelengths, the better even small areas are
“resolved” by the incident light [40].

The measured values could be reproduced in several measurement series at different
positions of the sample, which corresponds to the observations of a homogeneous structural
morphology in the SEM images.

In addition to characterizing the planar substrates, which are well-suited for evaluating
optical properties, there were also attempts to measure the structured lens sample. The
difficulty here is that the refractive behavior of the lens strongly influences the optical
beam path in the spectrometer. To reduce this influence, an aperture of 6 mm diameter
was used. The aperture blocks the light that is further away from the optical axis, thus
not illuminating the areas where strong refraction by the lens occurs. The aperture and
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the lens sample were placed at a moderate distance in front of the integration sphere. The
problem here was that only the central region of the structured lens could be examined.
In that area, structuring effects were already macroscopically visible, which influenced
the results. Reducing the size of the measurement field results in noisier and less accurate
measurement signals. The measured results are shown in Figure 9a. The transmission
dip at around 1.4 µm wavelength is caused by OH− absorption since the used material is
UV-grade fused silica in contrast to the IR-grade wafer substrate. Stronger noise is also
clearly visible. Apart from that, the values of the reference samples are in a similar range.
While the AR effect in the upper wavelength range is still comparable to that of the wafer
sample, a drop of the transmittance due to the defects on the lens sample can be seen
already at higher wavelengths. Nevertheless, the AR effect based on the AR nanostructures
could be principally demonstrated here as well.
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Figure 9. Transmission measurements of the AR structured lens sample compared to an unstructured
dsp reference lens. (a) The lens was aligned in the center of the optical axis at a moderate distance
from the integrating sphere of the spectrometer. An aperture with 6 mm diameter was placed just in
front of the lens to cut out stronger refracted light. (b) The lens was attached directly in front of the
integrating sphere, allowing for the transmissive scattered light to be measured. Control over the
alignment of the lens is more difficult in this case, causing deflections in the optical path.

This becomes even clearer in the second attempt that was performed to investigate the
AR properties of the patterned lens sample. Here, the 6 mm aperture was omitted. The
lens sample was attached directly in front of the integrating sphere using adhesive tape. In
this attempt, it is difficult to control the orientation of the lens, which causes deflections in
the optical path. However, the measurement spot is larger, which allows for a more general
estimation of the AR effect of the lens sample. Furthermore, by placing the lens directly in
front of the integration sphere, the transmissive scattered light can also be detected. The
measured results are shown in Figure 9b. They show an obvious AR effect over the entire
measurement spectrum. This confirms the assumption that, towards shorter wavelengths,
losses are mainly caused by transmissive scattering instead of increasing reflection. In both
attempts to evaluate the patterned lens, a strong improvement in transmission due to a
significant AR effect was observed.

4. Conclusions

In this paper, a readily suitable method for the fabrication of antireflective (AR) moth-
eye nanostructures on fused silica was presented. For this purpose, a lithographic method
based on self-assembling colloidal polystyrene (PS) nanospheres was applied. An improved
Langmuir-Blodgett (LB) process allowed for the nanospheres to be deposited on curved
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and free-formed substrates. This was demonstrated by the fabrication of AR structures
on aspherical lenses of fused silica. In principle, this is applicable to arbitrary materials.
Hence, other materials and spectral ranges are worthwhile subjects for future research.
An established deposition process gives the opportunities of uncomplicated and prompt
processing and modification of optical and photonic components, as no mask layout and
no lithographic exposure is required. Apart from classical optical components such as
lenses, it may be applied to photonic sensors, modulators, or integrated circuits based on
silicon platforms. Conceivable examples are its application on monolithically integrated
microlenses [41] or locally backside-thinned devices [42]. On the other hand, there are
limitations when the surface area of the substrate to be coated is significantly larger than
the area projected onto the water surface.

The insertion of an intermediate Cr layer of a few tens of nanometers significantly
expands the design latitude of the desired structures. After transferring the PS pattern, the
Cr layer served as masking for the etching of the AR structures. Its high selectivity towards
glass in reactive ion etching processes enables the fabrication of structures with high aspect
ratios for various materials. For even higher aspect ratios or materials with low etch rates,
it might be suitable to apply a multiplexed instead of a static etching process.

Regarding the AR effect of the fabricated nanostructures, a significant suppression of
reflection could be demonstrated. However, for the application of transmissive AR struc-
tures on glasses, the reduction of transmissive scattering is also essential. The scattering
is mainly caused by patterning effects that particularly occur during the deposition of
PS nanospheres. Further development of the presented improved LB process towards a
defect-free deposition is, therefore, the key factor for the application at shorter wavelengths.
Particularly important for this is a homogeneous nanosphere distribution. The optimized
composition and high purity of the chemicals prevent the formation of surfactant residues
that interfere with perfect compression from the outside. There are ideas and preliminary
tests to convert the sequential directed self-assembly process into a continuous process and,
ideally, use a roll-to-roll process. In this way, the process parameters can be adjusted very
well, and the result can be monitored in situ. In addition to moving towards a defect-free
deposition, the deposition on larger substrates might also be of interest for future research,
as it enables the integration in common 100 mm and 150 mm fabrication lines.

Author Contributions: Writing—original draft: D.S. and G.J.; Writing—review & editing: D.S., J.P.
and U.D.Z.; Methodology: D.S., G.J. and T.K.; Investigation: D.S., G.J. and T.K.; Data curation: D.S.;
Supervision: J.P. and U.D.Z.; Funding acquisition: J.P. and U.D.Z. All authors have read and agreed
to the published version of the manuscript.

Funding: We acknowledge the funding by the Thuringian Ministry of Economy, Science and Digital
Society within the InfraLith project (2021 FGI 0020) co-financed by the European Union within the
European Regional Development Fund (ERDF), the funding by the Federal Ministry of Education
and Research within the project GraphEnGas (01LY2005B) co-financed by the European Union
within NextGenerationEU, and the funding by the Federal Ministry of Education and Research
(BMBF) (03WKCX1C). We also acknowledge the support by the German Research Foundation
Projekt-Nr. 5s12648189 and the Open Access Publication Fund of the Thueringer Universitaets- und
Landesbibliothek Jena.

Data Availability Statement: The data that support the findings of this study are available upon
reasonable request from the authors.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Schulze, M.; Lehr, D.; Helgert, M.; Kley, E.-B.; Tünnermann, A. Transmission enhanced optical lenses with self-organized

antireflective subwavelength structures for the UV range. Opt. Lett. 2011, 36, 3924–3926. [CrossRef] [PubMed]
2. Park, S.-C.; Kim, N.; Ji, S.; Lim, H. Fabrication and characterization of moth-eye mimicking nanostructured convex lens.

Microelectron. Eng. 2016, 158, 35–40. [CrossRef]

https://doi.org/10.1364/OL.36.003924
https://www.ncbi.nlm.nih.gov/pubmed/21964143
https://doi.org/10.1016/j.mee.2016.03.011


Micromachines 2023, 14, 1204 11 of 12

3. Kohoutek, T.; Parchine, M.; Bardosova, M.; Pemble, M.E. Controlled self-assembly of Langmuir-Blodgett colloidal crystal films of
monodispersed silica particles on non-planar substrates. Colloids Surf. A Physicochem. Eng. Asp. 2020, 593, 124625. [CrossRef]

4. Su, W.-X.; Wu, C.-Y.; Lee, Y.-C. Anti-reflection nano-structures fabricated on curved surface of glass lens based on metal contact
printing lithography. Microelectron. Eng. 2019, 214, 15–20. [CrossRef]

5. Ye, X.; Jiang, X.; Huang, J.; Geng, F.; Sun, L.; Zu, X.; Wu, W.; Zheng, W. Formation of broadband antireflective and superhydrophilic
subwavelength structures on fused silica using one-step self-masking reactive ion etching. Sci. Rep. 2015, 5, 13023. [CrossRef]

6. Gadamsetti, P.; Poutous, M.K. Fresnel reflection suppression from deterministic illumination diffusers using antireflection random
nanostructures. Opt. Eng. 2022, 61, 063106. [CrossRef]

7. Massiot, I.; Trompoukis, C.; Lodewijks, K.; Depauw, V.; Dmitriev, A. Highly conformal fabrication of nanopatterns on non-planar
surfaces. Nanoscale 2016, 8, 11461–11466. [CrossRef]

8. Schulze, M.; Damm, M.; Helgert, M.; Kley, E.-B.; Nolte, S.; Tünnermann, A. Durability of stochastic antireflective structures-
analyses on damage thresholds and adsorbate elimination. Opt. Express 2012, 20, 18348–18355. [CrossRef]

9. Ye, X.; Jiang, X.-D.; Huang, J.; Sun, L.-X.; Geng, F.; Yi, Z.; Zu, X.-T.; Wu, W.-D.; Zheng, W. Subwavelength structures for high
power laser antireflection application on fused silica by one-step reactive ion etching. Opt. Lasers Eng. 2016, 78, 48–54. [CrossRef]

10. Chattopadhyay, S.; Huang, Y.; Jen, Y.; Ganguly, A.; Chen, K.; Chen, L. Anti-reflecting and photonic nanostructures. Mater. Sci.
Eng. R Rep. 2010, 69, 1–35. [CrossRef]

11. Li, Y.; Zhang, J.; Yang, B. Antireflective surfaces based on biomimetic nanopillared arrays. Nano Today 2010, 5, 117–127. [CrossRef]
12. Yang, Q.; A Zhang, X.; Bagal, A.; Guo, W.; Chang, C.-H. Antireflection effects at nanostructured material interfaces and the

suppression of thin-film interference. Nanotechnology 2013, 24, 235202. [CrossRef] [PubMed]
13. Li, Z.; Song, C.; Xiang, X.; Yang, H.; Wang, X.; Gao, J. Hybrid nanostructured antireflection coating by self-assembled nanosphere

lithography. Coatings 2019, 9, 453. [CrossRef]
14. Schmelz, D.; Gerold, K.; Käsebier, T.; Sergeev, N.; Szeghalmi, A.; Zeitner, U.D. Optical properties of black silicon structures

ALD-coated with Al2O3. Nanotechnology 2022, 34, 015704. [CrossRef]
15. Toyota, H.; Takahara, K.; Okano, M.; Yotsuya, T.; Kikuta, H. Fabrication of microcone array for antireflection structured surface

using metal dotted pattern. Jpn. J. Appl. Phys. 2001, 40, L747. [CrossRef]
16. Kanamori, Y.; Kikuta, H.; Hane, K. Broadband antireflection gratings for glass substrates fabricated by fast atom beam etching.

Jpn. J. Appl. Phys. 2000, 39, L735. [CrossRef]
17. Park, K.-C.; Choi, H.J.; Chang, C.-H.; Cohen, R.E.; McKinley, G.H.; Barbastathis, G. Nanotextured silica surfaces with robust

superhydrophobicity and omnidirectional broadband supertransmissivity. ACS Nano 2012, 6, 3789–3799. [CrossRef]
18. Papadopoulos, A.; Skoulas, E.; Mimidis, A.; Perrakis, G.; Kenanakis, G.; Tsibidis, G.D.; Stratakis, E. Biomimetic omnidirectional

antireflective glass via direct ultrafast laser nanostructuring. Adv. Mater. 2019, 31, 1901123. [CrossRef]
19. Isakov, K.; Kauppinen, C.; Franssila, S.; Lipsanen, H. Superhydrophobic antireflection coating on glass using grass-like alumina

and fluoropolymer. ACS Appl. Mater. Interfaces 2020, 12, 49957–49962. [CrossRef]
20. Chen, R.-Y.; Lai, C.-J.; Chen, Y.-J.; Wu, M.-X.; Yang, H. Omnidirectional/unidirectional antireflection-switchable structures

inspired by dragonfly wings. J. Colloid Interface Sci. 2022, 610, 246–257. [CrossRef]
21. Ye, X.; Huang, J.; Geng, F.; Sun, L.; Liu, H.; Jiang, X.; Wu, W.; Zu, X.; Zheng, W. Broadband antireflection subwavelength structures

on fused silica using lower temperatures normal atmosphere thermal dewetted Au nanopatterns. IEEE Photonics J. 2015, 8, 1–10.
[CrossRef]

22. Ye, X.; Shao, T.; Sun, L.; Wu, J.; Wang, F.; He, J.; Jiang, X.; Wu, W.-D.; Zheng, W. Plasma-induced, self-masking, one-step approach
to an ultrabroadband antireflective and superhydrophilic subwavelength nanostructured fused silica surface. ACS Appl. Mater.
Interfaces 2018, 10, 13851–13859. [CrossRef] [PubMed]

23. Ji, S.; Song, K.; Nguyen, T.B.; Kim, N.; Lim, H. Optimal moth eye nanostructure array on transparent glass towards broadband
antireflection. ACS Appl. Mater. Interfaces 2013, 5, 10731–10737. [CrossRef] [PubMed]

24. Ji, S.; Park, J.; Lim, H. Improved antireflection properties of moth eye mimicking nanopillars on transparent glass: Flat antireflec-
tion and color tuning. Nanoscale 2012, 4, 4603–4610. [CrossRef]

25. Lohmüller, T.; Helgert, M.; Sundermann, M.; Brunner, R.; Spatz, J.P. Biomimetic interfaces for high-performance optics in the
deep-UV light range. Nano Lett. 2008, 8, 1429–1433. [CrossRef]

26. Jia, G.; Westphalen, J.; Drexler, J.; Plentz, J.; Dellith, J.; Dellith, A.; Andrä, G.; Falk, F. Ordered silicon nanowire arrays prepared by
an improved nanospheres self-assembly in combination with Ag-assisted wet chemical etching. Photonics Nanostruct.-Fundam.
Appl. 2016, 19, 64–70. [CrossRef]

27. Wendisch, F.J.; Rey, M.; Vogel, N.; Bourret, G.R. Large-scale synthesis of highly uniform silicon nanowire arrays using metal-
assisted chemical etching. Chem. Mater. 2020, 32, 9425–9434. [CrossRef]

28. Van Minh, N.; Van Hieu, D.; Van Tuan, P.; Dung, N.D.; Hoang, C.M. Characteristics of silicon nano-pillars fabricated by
nano-sphere lithography and metal assisted chemical etching. Mater. Sci. Semicond. Process. 2022, 142, 106483. [CrossRef]

29. Mikhael, B.; Elise, B.; Xavier, M.; Sebastian, S.; Johann, M.; Laetitia, P. New silicon architectures by gold-assisted chemical etching.
ACS Appl. Mater. Interfaces 2011, 3, 3866–3873. [CrossRef]

30. Zhang, X.; Zhang, J.; Ren, Z.; Li, X.; Zhang, X.; Zhu, D.; Wang, T.; Tian, T.; Yang, B. Morphology and wettability control of silicon
cone arrays using colloidal lithography. Langmuir 2009, 25, 7375–7382. [CrossRef]

https://doi.org/10.1016/j.colsurfa.2020.124625
https://doi.org/10.1016/j.mee.2019.04.017
https://doi.org/10.1038/srep13023
https://doi.org/10.1117/1.OE.61.6.063106
https://doi.org/10.1039/C6NR00749J
https://doi.org/10.1364/OE.20.018348
https://doi.org/10.1016/j.optlaseng.2015.10.005
https://doi.org/10.1016/j.mser.2010.04.001
https://doi.org/10.1016/j.nantod.2010.03.001
https://doi.org/10.1088/0957-4484/24/23/235202
https://www.ncbi.nlm.nih.gov/pubmed/23676429
https://doi.org/10.3390/coatings9070453
https://doi.org/10.1088/1361-6528/ac9419
https://doi.org/10.1143/JJAP.40.L747
https://doi.org/10.1143/JJAP.39.L735
https://doi.org/10.1021/nn301112t
https://doi.org/10.1002/adma.201901123
https://doi.org/10.1021/acsami.0c12465
https://doi.org/10.1016/j.jcis.2021.12.025
https://doi.org/10.1109/JPHOT.2015.2508723
https://doi.org/10.1021/acsami.8b01762
https://www.ncbi.nlm.nih.gov/pubmed/29617569
https://doi.org/10.1021/am402881x
https://www.ncbi.nlm.nih.gov/pubmed/24116953
https://doi.org/10.1039/c2nr30787a
https://doi.org/10.1021/nl080330y
https://doi.org/10.1016/j.photonics.2016.01.003
https://doi.org/10.1021/acs.chemmater.0c03593
https://doi.org/10.1016/j.mssp.2022.106483
https://doi.org/10.1021/am200948p
https://doi.org/10.1021/la900258e


Micromachines 2023, 14, 1204 12 of 12

31. Motamedi, M.; Jia, G.; Yao, Y.; Shanks, K.; Yousefi, P.; Hewakuruppu, Y.L.; Rafeie, M.; Lindner, F.; Patterson, R.; Christiansen, S.;
et al. Nanopatterned indium tin oxide as a selective coating for solar thermal applications. Renew. Energy 2023, 201, 386–396.
[CrossRef]

32. Jia, G.; Plentz, J.; Höger, I.; Dellith, J.; Dellith, A.; Falk, F. Core–shell diodes for particle detectors. J. Phys. D Appl. Phys. 2016,
49, 065106. [CrossRef]

33. Li, Y.; Zhang, J.; Zhu, S.; Dong, H.; Jia, F.; Wang, Z.; Tang, Y.; Zhang, L.; Zhang, S.; Yang, B. Bioinspired silica surfaces with near-
infrared improved transmittance and superhydrophobicity by colloidal lithography. Langmuir 2010, 26, 9842–9847. [CrossRef]
[PubMed]

34. Jia, G.; Plentz, J.; Presselt, M.; Dellith, J.; Dellith, A.; Patze, S.; Tölle, F.J.; Mülhaupt, R.; Andrä, G.; Falk, F.; et al. A Double
Self-Assembly Process for Versatile Reduced-Graphene-Oxide Layer Deposition and Conformal Coating on 3D Structures.
Adv. Mater. Interfaces 2017, 4, 1700758. [CrossRef]

35. Jia, G.; Plentz, J.; Dellith, J.; Dellith, A.; Wahyuono, R.A.; Andrä, G. Large area graphene deposition on hydrophobic surfaces,
flexible textiles, glass fibers and 3D structures. Coatings 2019, 9, 183. [CrossRef]

36. Rangelow, I.W. Critical tasks in high aspect ratio silicon dry etching for microelectromechanical systems. J. Vac. Sci. Technol. A
Vac. Surf. Film. 2003, 21, 1550–1562. [CrossRef]

37. Klopfenstein, R.W. A transmission line taper of improved design. Proc. IRE 1956, 44, 31–35. [CrossRef]
38. Grann, E.B.; Moharam, M.G.; Pommet, D.A. Optimal design for antireflective tapered two-dimensional subwavelength grating

structures. JOSA A 1995, 12, 333–339. [CrossRef]
39. Steglich, M.; Käsebier, T.; Schrempel, F.; Kley, E.-B.; Tünnermann, A. Self-organized, effective medium Black Silicon for infrared

antireflection. Infrared Phys. Technol. 2015, 69, 218–221. [CrossRef]
40. Steglich, M.; Käsebier, T.; Zilk, M.; Pertsch, T.; Kley, E.-B.; Tünnermann, A. The structural and optical properties of black silicon

by inductively coupled plasma reactive ion etching. J. Appl. Phys. 2014, 116, 173503. [CrossRef]
41. Mangal, N.; Snyder, B.; Van Campenhout, J.; Van Steenberge, G.; Missinne, J. Monolithic integration of microlenses on the

backside of a silicon photonics chip for expanded beam coupling. Opt. Express 2021, 29, 7601–7615. [CrossRef] [PubMed]
42. Schmelz, D.; Steglich, M.; Dietrich, K.; Käsebier, T.; Zeitner, U.D. Black-silicon-structured back-illuminated Ge-on-Si photodiode

arrays. SPIE 2019, 11031, 1103109. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.renene.2023.04.020
https://doi.org/10.1088/0022-3727/49/6/065106
https://doi.org/10.1021/la100183y
https://www.ncbi.nlm.nih.gov/pubmed/20201567
https://doi.org/10.1002/admi.201700758
https://doi.org/10.3390/coatings9030183
https://doi.org/10.1116/1.1580488
https://doi.org/10.1109/JRPROC.1956.274847
https://doi.org/10.1364/JOSAA.12.000333
https://doi.org/10.1016/j.infrared.2015.01.033
https://doi.org/10.1063/1.4900996
https://doi.org/10.1364/OE.412353
https://www.ncbi.nlm.nih.gov/pubmed/33726258
https://doi.org/10.1117/12.2520432

	Introduction 
	Fabrication 
	Characterization 
	Conclusions 
	References

