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Abstract. In this Thesis, three new masking techniques are studied and developed to
nano-structure optical surfaces. The three nano-structuring techniques can provide
antireflection and/or superhydrophobic behaviour. Polystyrene beads, polymers loaded
with metals and silica beads are synthetized and used as a nano-mask for subsequent
etching of silica based glass substrates.
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1. Introduction
Optical surfaces are nowadays used in a wide range of devices and therefore require many
different properties to make them as efficient as possible. Controlling surface’s properties is
essential for the development of the devices. Reflectivity, wettability, glare and other
undesirable properties that these surfaces may present can reduce the performance of the
devices wherefore much effort has been put in recent years into optimizing them.
Current research works are focused on synthetizing new materials and controlling new masking
and fabrication processes at the nanoscale for the development of new designs and the addition
of functionalities in surface engineering. Despite the intensive academic research in nanophotonics and the demonstration of its potentials in various fields, significant effort is still
needed to fully exploit it at industrial level. In particular, an essential feature for mass
production of devices is to find reliable techniques, other than classical optical and e-beam
lithography, that allow precise nanostructuring of large surfaces at a low cost.
The starting point of this research is the work previously carried out within the Optoelectronics
group at ICFO-The Institute of Photonic Sciences on micro- and nanostructured surfaces [1]
where antiglare, antireflection and superhydrophobic properties were achieved by micro- and
nanostructuring glass surfaces.
This Thesis focuses on developing alternative masking methods for nano-fabrication scalable at
industrial level. These include nanosphere lithography with polystyrene beads, dual size
roughness by silica nanospheres assembly and block copolymer micelle lithography within the
nanometer range.
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In the Thesis the properties that are studied are optical transmission, antireflection and
hydrophobicity.
Reflection occurs at an interface between two different media whereby the optical wavefront
returns into the medium from which it was originated. In many cases, the reflection of light at
interfaces limits the efficiency of optical components. Usually antireflection properties are
achieved by means of applying multilayer thin coatings that produce destructive interferences.
Recent works [2] [3] have proposed a new approach to antireflection solutions based on
biomimetics. The corneal surfaces of the eyes of night-active insects are equipped with a
periodic array of subwavelength structures called moth-eye structures. These structures present
antireflective properties.
Polystyrene beads (PS) order themselves in a self-assembling process creating a very dense and
ordered array. This array is used as a mask to protect surfaces when etching with a reactive ion
etching machine (RIE). Consequently, nanosphere lithography with polystyrene beads (PS)
allows having the above mentioned moth eye structures. Besides, it is quite easy to have
different beads’ diameters and resultantly, different patterns. Each pattern may be used for
different purposes, such as antireflection, by creating nanopilars or nanocones or hydrophobicity
by creating re-entrant structures.
Block copolymer micelle lithography is studied as a combination of the dewetted metal masks
and the polystyrene’s. It consists on a polymer micelle that is loaded with a metal. The micelles
are, like polystyrene beads, self-ordered creating a pattern, and the metal part is theoretically
more resistant to RIE processes than the polystyrene beads.
Both techniques allow having an ordered mask. In contrast to further kinds of masks used in
other works, such as dewetted metals, ordered patterns in the surface can lead to new and
tunable properties by controlling the size as well as the periodicity of the pattern.
A surface that exhibits a water contact angle of 90º or greater with very flow resistance is
considered hydrophobic, if that contact angle is 150º or greater it is superhydrophofic. Such
surfaces are used in many different applications such as self-cleaning, antifog condensation or
anticorrosion systems.
Surface wettability depends on both surface energy, which is determined by the substrate
material, and surface topography (i.e, physical roughness). Surface roughness enhances surface
hydrophilicity by creating micro- or nanostructures. If these structures are later functionalized
with a surfactant such as fluorosilanes, they become hydrophobic. Roughness on two or more
length scales has been suggested to be responsible for the hydrophobicity of aquatic plants and
insects’ legs and wings.
The third method is based on a dual size roughness made with silica beads by simply coating the
surface with the beads and sintering them. It gives an easier solution compared to the usual
methods that require expensive lithographic tools to achieve small features sizes or involve
rather complicated chemical synthesis procedures.

2. Nanosphere lithography with polystyrene beads
As it was said before, polystyrene beads are used to achieve a very dense and ordered mask.
This mask protects some parts of the substrate during subsequent etching (i.e. physical or
chemical material removal). The result is a surface with a nanopilar-, nanocone- or re-entrantstructure, see figure 1. The nanopilar- and nanocone-structures provide good antireflection
properties as well as hydrophobicity, whereas the re-entrant structures are better for
hydrophobicity but can also have antireflection properties.
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Figure 1. Diagram of the different types of nanostructures. a) nanopilars, b) nanocones, c) re-entrant
structures.

2.1. Experimental Procedure
Fused silica (FS) substrates are cleaned in an ultrasonic bath with ethanol, acetone and water
before being activated in an oxygen plasma cleaner.
Polystyrene beads of different sizes are acquired in a latex solution that needs to be removed
before using them. The latex solution is removed with a centrifugation machine and then, the
beads are redissolved in water with triton, a non-ionic surfactant, to stabilize the solution. The
smallest beads, (around 100nm diameter), display a better behaviour, namely less aggregation,
without the cleaning step, so they are used with the original latex solution. After this first
cleaning step the solution needs to be in an ultrasonic bath for at least 30 minutes to avoid
clusters of beads.
After that, a drop (8µl) of solution is spin coated on the substrate. The experimental parameters
for each size can be found in table 1. The smaller the particles, the more difficult it is to
manipulate them and obtain well organized monolayers.
Table 1. Experimental parameters for polystyrene beads preparation.

Particle
diameter
(nm)
100
300
500
800
1100

Centrifugation
time
(min)
10
10
5
3

Centrifugation
speed
(rpm)
10000
5000
5000
5000

Spin coating
speed
(rpm)
950
715
480
300
250

Concentration
2%
6%
10%
15%
15%

The beads organize themselves in a monolayer with an hexagonal distribution by means of a
self-assembling process as it can be seen in figure 2. It is crucial that it is only a monolayer to
replicate the structure during the etching process.

(a)

(b)
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(c)
(d)
Figure 2. SEM images of (a) 100nm NP, (b) 300nm NP, (c) 800nm NP, (d) 1100nm NP arrays

Before etching the substrate, polystyrene beads are shrunk to diminish they diameter and to
separate one from each other while maintaining the original distance between their centres.
After that, the substrate is etched in a RIE machine. A reactive ion etching process has two
effects on the substrate. The first effect is a hammer-like physical effect. Since the gas is
ionized, in a chamber with a voltage difference the substrate is hit by the ions. There is also a
chemical effect due to interactions between the ions and the substrate. Once the etching step is
concluded, PS beads are removed by means of oxygen plasma cleaning.
A diagram of the RIE process, shrinking, etching and plasma cleaning can be seen in figure 3.
Real SEM images of etched substrates are shown in figure 4.
The success of the process relies on the selectivity of the RIE process between the mask and the
substrate. Different RIE recipes and their effect can be found in table 2.
Finally, substrates were studied by taking images of them using a scanning electron microscope
(SEM).

Figure 3. Diagram of the shrinking and etching process. a) The substrates covered with the polystyrene
monolayer are treated with an oxygen plasma to be shrunk. b) Once they are shrunk, a mixture of gases
etches the non-covered substrate while the substrate covered with PS beads is protected. c) Again with a
oxygen plasma the PS beads are removed having finally d) the nano-structured surface.
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(a)
(b)
Figure 4. SEM images of and etched substrate using a 1.1µm PS mask. (a) without plasma cleaning, PS
beads are still on the substrate. (b) With plasma cleaning, PS are removed of the substrate.
Table 2. Some RIE recipes and results.

Mask particle
diameter
(nm)

Shrinking
time
(s)

Etching
time
(min)

RF
power
(W)

Pressure
(mTorr)

100

30

15

100

10

300

90

10

100

10

1100

360

5

300

10

Gases
(sccm)

Result

Ar:CHF3
20:5
Ar:CHF3:C4F8
10:5:50
Ar:CHF3
20:5

Nanopillars
h~100nm
Nanocones
h ~350nm
Trapezoidal
pillars h ~200nm

2.2. Results
As one can see in figure 2, masks with different particle sizes are achieved. The larger the
particles, the easier they are to manipulate and the better the resulting geometry (monolayer and
well ordered). Despite these considerations, assembling and producing the mask is quite
possible for different bead sizes.
To achieve antireflection together with good optical transmission, it is essential to be able to
control the RIE recipes. To this end, one can build nanocones of a particular height in a
controlled way. Similarly, to achieve good hydrophobicity, the precise RIE recipe needs to be
found. Some of the obtained structures can be seen in figure 5. From these initial results it is
clear that to achieve good recipes and nanostructures in a fully controlled way, some further
research needs to be carried out.

(a)
(b)
Figure 5. SEM images of and etched substrate using a 300nm PS mask. (a)Nanopilars. Fully removal of
PS was not achieved. (b) nanocones.
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3. Block copolymer micelle lithography
As described in the previous section, polystyrene nanoparticles (NP) provide a very dense and
ordered mask but it is quite difficult to control the subsequent etching step. A possible
alternative is to use block copolymer micelle lithography (BCML) as it was reported in [4][5]. It
provides an organized structure made of metal which is expected to be more resistant to RIE
processes. Besides, RIE recipes for metal masks are already realizable.
Block copolymers are compounds consisting of blocks of different monomers. A schematic
illustration is shown in figure 6. In the case of Poly(styrene(x)-b-2-vinyl pyridine(y))[PS(x)-bP2CP(y)], one molecule contains two polymer blocks, PS and P2VP, which are linked by a
covalent bond at their respective ends. When dissolved in toluene, the polymer molecules are
present in form of single chains. Above a certain concentration, the molecules start to organize
themselves into spherical micelles. Since toluene is a solvent highly selective to polystyrene,
micellation takes place: the PS block forms the outer micellar shell whereas the less soluble
P2VP block forms the core. This core-shell configuration enables the selective dissolution of
metal precursor salts into every micelle.

Figure 6. Schematic illustration from reference [4] of the concept of BCML. Polystyrene-block.ploy-2vinylpyridine (PS-b-P2VP) are dissolved in toluene forming micelles and after that loaded with a metal
salt.

3.1. Experimental Procedure
First, spherical micelle formation is achieved by dissolving 50mg PS-b-P2VP in 10ml toluene.
The metal salt is added to the solution with a loading of L=0.45. The metals used are gold
(HAuCl4·3H2O), nickel (NiCl2·6H2O) and cobalt (Co((NO3)2)·6H2O). After stirring for 24 hours
the loaded micelles are ready to be transferred from the solution to the substrate. The FS
substrates are cleaned in an ultrasonic bath with acetone, ethanol and water and activated in an
oxygen plasma cleaner. Later the micelles in solution are spin coated at 5000rpm on the
substrates. See figure 7 (a).
The resulting micellar films are treated with oxygen or hydrogen plasma leading to the removal
of the polymer matrix and reduction of the metal precursor to elemental metal. Hydrogen
plasma seems to give better results. See figure 6 for a schematic illustration of the process and
figure 7 (b) for the final result.
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(a)
(b)
Figure 7. SEM images of (a)BC micelles on the substrate and (b) gold NP after H2 plasma

Figure 8. Schematic illustration from reference [4] of the process of removing the micelles. a) After spin
coating the micelles they are treated in b) with an H2 plasma which remove the polymers and left only the
metal core c).

3.2. Results
As it can be seen in figure 7, the micellar coverage and the metal mask were achieved.
Nevertheless, the metal mask seems to be weak under RIE process because it is destroyed
before the nanostructures are completely formed. In an attempt to improve these results, the
micelles were also loaded with different metals such as gold, nickel and cobalt but still remain
weak.
If the mask obtained with BCML is compared with the dewetted metal mask from refrence [1],
it seems that thicker metal beads are needed, but the polymer used does not allow higher loading
and therefore beads are already as thick as they can get. A possible future solution to be
explored consists in growing the metal after the micellar removal to achieve bigger and thicker
metal beads, still conserving the order, or using another polymer with higher loading capacity.

4. Dual size roughness with silica beads
Common methods to achieve hydrophobicity by means of roughness include nanoparticles
deposition or growth, reactive ion etching (RIE) and X-ray lithography. Here we report a simple
and versatile approach by surface coating with silica (SiO2) nanoparticles (NPs). It is a simple,
yet effective, method that can be applied to various substrates [6] consisting of coating the
substrate with silica NP of two different sizes. As it will be shown later, having this double size
structure enhances the hydrophobicity compared with bare substrates and one-size structures.
Silica NPs are first synthetized and subsequently dispersed and immobilized on a surface and
finally functionalized with fluorosilane chemicals to achieve hydrophobicity.
Silica NP were synthetized by Stöber synthesis discovered by Stöber, Fink and Bohn in 1967
[7]. In our experiment we synthesized silica spheres with diameters 100 and 350 nm. Stöber
synthesis is a sol-gel process where the quantity of reactants (tetraethylortho-silicate (TEOS),
NH3, H2O and alcohol solvents) and the reaction conditions (temperature, stirring speed)
determine the particle size of the resulting silica spheres [8].
7
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Stöber synthesis is a two-step reaction. The first step consists in a hydrolysis whereby TEOS
(Si(OC2H5)4) in a basic solution and in a suspension in ethanol reacts with water (H2O) and
results in silicon tetra hydroxide (Si(OH)4) and ethanol (C2H5OH) as can be seen in formula 1
Si(OC2H5)4 + 4 H2O

Si(OH)4 + 4 C2H5OH

(1)

The second step is a polycondesation reaction whereby silicon tetra hydroxide, again in a basic
solution and suspended in ethanol, condensates in silica (SiO2) NP or nanospheres as can be
seen in formula 2
Si(OH)4
SiO2 + 2 H2O
(2)
4.1. Experimental Procedure
As mentioned earlier, the size of the silica nanospheres depends on the preparation parameters.
The parameters described in [8] are followed to obtain the used NPs.
The initial raw material of the reaction was TEOS, NH3 is regarded as the catalyst and water and
ethanol are regarded as solvents. Equal moles of TEOS and ethanol are blended for 10 minutes
first, producing the A solution. The NH3, water and ethanol are blended for 10 minutes,
producing the B solution. Then, both solutions are mixed at a certain temperature and at a fixed
stirring speed (450 rpm). See table 3 for the parameters.
Table 3. Experimental data of the silica synthesis.

Particle diameter
(nm)
100
350

Temperature
(ºC)
60
20

TEOS
(10-3mol)
0.7
1.1

NH3
(10-3mol)
5.2
18.8

H2O
(10-3mol)
83.8
152.6

After ultrasound cleaning with acetone, ethanol and water and activation of the substrates
(microscope slides) with oxygen plasma, the silica nanospheres solution is spin coated at 500
rpm on the substrates. This step is followed by thermal annealing (500 ºC for 2 hours) to
enhance the adhesion and stability of the NP film on the substrate. After this first deposition,
activation with oxygen plasma is performed once more to spin coat the second size particles
which are annealed again for 2h at 500ºC. Finally, the substrates are newly activated in the O2
plasma cleaner and a layer of perfluorosilane (SiF4) is evaporated on top using a thermal
evaporator.

4.2. Results
Figure 8 is a sketch of the desired double-size structure, and in figure 9 SEM images of the
structures obtained can be seen.

Figure 8. Desired nanostructure in which small (100nm) NP follow the topography made by the large
(350nm) NP.
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(a)
(b)
(c)
Figure 9. SEM images of (a) 350nm NP, (b) 100nm NP and (c) double-size nanostructures

The contact angles are measured by dropping a drop of water and taking a photo, which is
processed with an image processing software. The average angles are shown in table 4, and in
figure 10, it can be seen how the wettability of the surface decreases when the roughness is
increased.
A surface is considered to be superhydrophobic when its contact angles achieve values of 150º
or larger. We have not reach these values but there is a clear difference between the structure
that was expected, figure 8, and what is achieved, figure 9. Probably that is the reason why the
results differ from the expected ones.
A possible solution to achieve a better coating would consist in functionalizing the silica NP
with some amino (NH2) radicals to enhance their affinity as it is explained in [6]. Alternatively,
the ratio between the sizes of the beads, 100/350, should be decreased to something smaller than
¼ as it is suggested in some references, so that the small particles are able to follow the larger
particles topography.
Table 4. Water contact angles of microscope slides coated with silica NP and treated with fluorosilane.
The first value is for a substrate without NP but treated with fluorosilane as well.

Particle diameter
(nm)
Bare glass
100
350
350-100

Contact angle
(deg)
105º
112º
120º
135º

(a)
(b)
(c)
(d)
Figure 10. Pictures of the contact angles for (a) bare glass, and for glass structured with silica NP (b)
100nm NP, (c) 350nm NP and (d) double-size 350-100nm nanostructures. All of the substrates were
treated with fluorosilane.

Furthermore, one of the main drawbacks of this technique is the blurring of the surface due to
roughness caused basically by scattering. The optical quality, or transparency, of the surface
increases when the roughness dimension is much smaller than the wavelength of the light.
Therefore, sub 100 nm roughness would be preferable for achieving high transparency in visible
light. Nevertheless, the difficulty of synthetizing and manipulating the NP increases
exponentially by decreasing the size of the NP. Working with smaller particles would make the
whole process much more challenging.
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5. Conclusions
We have developed three new masking methods within the Optoelectronics group at ICFO that,
with further research, may lead to analogous or even better results than those achieved in
previous works in a more cost-efficient and less involved way, and hence more suitable for
industrial use.
Polystyrene beads masks are quite well controlled and further research should focus on looking
for the adequate recipe to etch the substrates with a good selectivity between polystyrene and
silica. Block copolymer provides a good alternative, whit bigger metal beads results should
improve. Finally, dual size roughness with silica beads result in hydrophobicity with large
contact angles. To achieve superhydrophobicity one needs to perfect fabrication, in particular to
improve optical transmission and reduce scattering.
Nanofabrication has a high potential in the development of optical surfaces for it provides a
wide variety of properties that could improve current techniques and results. It is also a very
critical process given the high dependence upon the working conditions; a small variation in one
step of the fabrication may lead to completely different results.
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