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Abstract

In this work we present a new method to generate
hierarchical surfaces, inspired by lotus leaf, on a
silicon substrate. Mimicking leafs with particular
properties, such as low adhesion, water
repellence and self-cleaning, is an interesting
case of study in the branch of bioinspired
materials. These properties arise from a
combination of surface chemistry and topography.
The lotus leaf surface exhibits a highly controlled
specific roughness, which has been studied and
imitated by several researchers. The great
challenge that has still to be solved is to
reproduce lotus-inspired surfaces rapidly and on
large areas. Our method consists in a
combination of wet and dry etch with soft
lithography, able to generate nano- and micro-
hierarchical structures on silicon surfaces. Two
different kinds of hierarchical structures are
generated by changing the order of the etch steps.
The surfaces generated were then characterized
by measuring both the contact angle and the
sliding angle. Finally, to validate experimental
results, analytical models were implemented to
predict the contact angle. The best surface
displayed wetting performances superior even to
those of the natural lotus leaf, thanks to the
hierarchical structure, with a contact angle of
171° and a tilt angle of 4 °with production time of
about 90 minutes per silicon wafer, or 30 slcm?.

1. Introduction

Hierarchical structures, such as the ones found on
the lotus leaf [1, 2], are useful to improve water
repellence of a surface. Specific roughness
topologies are in general able to change the
wetting property of a surface [3, 4]. Different
studies demonstrate theoretically [5-7] and
experimentally [8, 9] the importance of hierarchy.
In order to generate hierarchical structures
different processes have already been proposed in
the literature, typically having in common rather
long and complex fabrication processes [8, 10,
11].

The aim of this work is to fabricate hierarchical
silicon surfaces with a new and fast method
applicable to large areas.

The method presented, in this paper is a highly
accurate, fast and repeatable microfabrication
process for producing superhydrophobic surfaces.
It combines an anisotropic wet etch in a solution
based on Tetramethylammonium hydroxide
(TMAH) [12] and a dry etching. The process
herein described requires a minimum 7-minute
TMAH processing step plus 9-minutes of dry
etching. Depending on the desired height of the
pillars, the maximum processing time is no more
than a few hours.

In section 2 a description of how the silicon-
based micro-nano textured and hierarchical
structures were fabricated is reported. Two
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different base patterns were used: square-base or
hexagonal-base patterns.  Structures  without
hierarchy were fabricated and used as reference
structures in wettability tests. Structures are
formed by pillars with different diameters and
pitch distances; Fig. 1 illustrates the geometries
that were fabricated. Surfaces were tested for
static contact angle and tilt angle. The flat
surfaces and the textured ones were also tested.
Results show how these rapidly generated large
surfaces display wetting performances superior
even to those of the natural lotus leaf, also thanks
to hierarchy.
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Figure 1: Sizes and shapes of realized structures.

In Section 3 an analytical model, based on Wenzel
and Cassie-Baxter models, is implemented to
validate the experimental results and to find the
most  suitable conditions for water-surface
interaction for future designs. Section 4 and 5
close the article with the discussion of the results
and the conclusions.
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Figure 2: Surface topologies generated with the two processes and
compared with the lotus leaf (image of lotus leaf from reference [5])

2. Experimental analysis

In this section the experimental part of the work is
presented. First, the methods used to generate the
surfaces are described, and then the wetting
characterizations, for both non-hierarchical and
hierarchical structures, are reported.

2.1 Surface generation

All the patterns and structures presented in this
work were fabricated using a standard CMOS-like
process. Post structures were fabricated using a
lithographic step followed by dry etching. The dry
etching was performed with Deep Reactive lon
Etching (DRIE) equipment, Alcatel AMS 1000.

The sizes and shapes of post structures are
summarized in Fig. 1. Each patter presents pillars
with different diameters and pitch distances.
Diameter goes from Spm up to 20um, in steps of
5um and for each value four different pitch
distances were considered, from 10um up to
40um. Furthermore, two different base patterns
were used, square or hexagonal pattern. A
constant height of 15um was fixed for all the
pillar topologies.

Surface  texturing  introduces  hierarchical
substructures in the post structures. A textured
surface is obtained by a TMAH solution, which
etches the silicon with a high selectivity on the
crystalline planes. Hence, by using a <100>
silicon wafer, a heterogeneous and compact
pattern of pyramid-like pillars was obtained [12].
The base angle of the pyramid is equal to 54.7
degrees, which corresponds to the angle between
<111> and <100> planes. The texturing process is
composed of two steps; firstly a dip in buffered
hydrofluoric acid (BHF) is needed to completely
remove the native oxide on the silicon substrate,
then a 5 minute wet etch in the TMAH 2%
solution is performed; this process can be
considered as the hierarchical module. Combining
the hierarchical module and the base process
module it is possible to generate two different
structures, as shown in Fig. 3. In particular, it is
possible to obtaine a pillar with only the upper
part texturized (Fig. 3a) or to extend the texturing
on the entire structure (Fig. 3b), thus including the
lateral sides. Due to the presence of a thin native
SiO; layer, which makes the silicon surface



naturally hydrophilic, a self-assembly monolayer
(SAM) coating is needed to impose
hydrophobicity [13]. In particular,
Tetramethylchlorosilane (TMCS) and 1-1-2-2-
perfluorodecyltrichlorosilane (PF3) were used for
SAM vapor/phase deposition [13].

Hierarchical Base process
process module
module

L v

Base process Hierarchical
module process

module

Figure 3: Schematic description of the two processes to generate the
hierarchical structures: a) wet plus dry process and b) dry plus wet
process.

2.2 Wettability analysis

Wettability measurements were performed using 5
I drops of deionized water (18 MQ of resistance).
An estimation of drop contact angle was
calculated using “drop analysis” software [14].
Experimental results are reported in the next
section.

2.2.1 Non-hierarchical pillars

In this section surfaces patterned with pillars, of
different diameters and pitch distances, are
analysed and compared.

The first results, shown in Fig. 4, refer to a
comparison between the two different coatings;
PF3 has better performance than TMCS.

PF3 coatings renders silicon oxide substrates
hydrophobic (CA=109°) in contrast to TMCS
coatings (CA=78°) [8, 15]. However, TMCS is
quite easy to deposit on the silicon substrate, e.g.
the process occurs at room temperature in a closed
chamber, while PF3 deposition requires a more
complex process, e.g. a well-controlled
temperature [13]. Surfaces coated with TMCS in
general display an increment of their contact

angle, showing Cassie-Baxter interface even if the
substrate is intrinsically hydrophilic.

The graphs in Fig. 4 provides results of contact or
tilt angles for structures coated with TMCS and
PF3, respectively. The structures considered have
post diameter of 10 wm and pitch distances
between 15 and 30 pm.
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Figure 4: Contact and tilt angle measurements of structures with
post diameter of 10um and different pitch distances (microns).
Graphs show the comparison between the two types of coatings, i.e.
PF3 or TMCS. Conventionally here 90° denotes the sticky condition.

Charts on Fig. 4 show that not only the contact
angle is better for PF3 coating with respect to
TMCS coating, but especially the tilt angle.
Indeed, TMCS results in a sticky condition,
represented in the graph with value of tilt angle
equal to 90°, while surfaces coated with PF3 have
low tilt angle. For these surfaces the tilt angle
decreases as the pitch distance increases. For these
reasons all surfaces considered in this work were
coated with PF3.

In order to better understand the role of pattern
geometries on the surface wettability, square or
hexagonal base patterns were generated and
analysed. A whole series of structures with pillars
of different diameters and different pitch distances
were examined. Graphs in Fig. 5 show the trend
of contact and tilt angles for the two patterns: no
significant difference is observable.
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Figure 5: Contact and tilt angle measurements and predictions of
structures with post diameter of 10um and different pitch distances
(microns): comparison between square and hexagonal base patterns.

In addition Fig. 5 presents two analytical
predictions for contact angle, where continuous
black or dotted lines represent the Cassie-Baxter
[16] and the Wenzel [17, 18] predictions
respectively. After comparison between analytical
predictions and experimental data, it is possible to
deduce that surfaces stand in Cassie-Baxter state.
Stability of this state has been discussed in
Section 3.1.

2.2.2 Hierarchical pillars

In this section similar analyses conducted on the
non-hierarchical structures are performed on
hierarchical ones (Fig. 6 shows below the graphs a
sketch of the different structures). Two kinds of
hierarchical structures were developed, as
illustrated in Fig. 6a and 6b. The wet plus dry
process generates structures similar to those
reported in Fig. 6a whereas the dry plus wet
process to those reported in Fig. 6b. These
structures were tested for both contact and tilt
angles.

In Fig. 6, comparisons between two kinds of
hierarchical structures and one kind of pillar
structure are reported. Considering surfaces with
pillars of 5 um, four different pitch distances were
compared, from 10pum up to 20um. The results
reported in Fig. 6 refer to those surfaces which
reach highest contact angles and lowest tilt angles.
During this study, diameters of 5, 10, 15 and 20
um were analysed and rationalized according to

the Cassie-Baxter equation. The surfaces with a
lower solid-liquid interface area fraction ¢ have a
greater contact angle, as is the case of pillars with
smaller diameters.

Fig. 6 also shows how both hierarchical structures
present a significant improvement with respect to
the post structures in terms of contact angle. Tilt
angle varies with the pitch distance for both
hierarchical and post structures.

It has been discussed how hierarchy improves the
contact angle, however tilt angle does not change
significantly ~with the introduction of a
hierarchical level. In some cases, the introduction
of an additional level seems almost counter-
productive, as can be observed in Fig. 6 for the
lower pitch distance. This can be due to the partial
impalement of the drop on the textured surface, as
discussed in the next Section.
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Figure 6: Contact and tilt angle measurements of structures with
post diameter of 5 um and different pitch distances; comparison
between the two hierarchical structures a) wet+dry b) dry+wet and
the non-hierarchical one c).

3. Theoretical analysis

In this section, analytical models are implemented
in order to validate the experimental results and
consider the stability of the experimental state.
Classical theories of Wenzel [17, 18] and Cassie-
Baxter [16] are used to fit experimental data for
non-hierarchical structures. A general model,
combining Cassie-Baxter and Wenzel theories and



taking into account hierarchy, is presented
following the hierarchical theory proposed by
Pugno [5, 6].

3.1 Non-hierarchical pillars

It is a straightforward analysis to compute the
predictions of the two classical models for
surfaces with non-hierarchical pillars, where
roughness and area fraction values can be deduced
geometrically. Roughness r for a patterned surface
is expressed in Eq. (1), while the solid-liquid area
fraction is defined by Eg. (2), in which P is the
pitch distance, H is the pillar height and d is the
pillar diameter.

A ndH
r=—T —qy4 57 1)
Aprojected P
_ Asolid—tiquid _ md? @)
Atotal 4‘P2

It is useful for our purpose to split Eqg. (1) in Egs.
(3) and (4). In particular Eqg. (3) shows the
increase of the effective area due to the lateral
sides of the pillars, while Eq. (4) describes the
ratio between the area on top and bottom of pillars
and the projected area; for definition this ratio is
equal to one, namely:

A mdH
r, = Lateral — _ (3)
Apro jected P

Arop + Agottom _ P?

T'rp = 1 (4)

Aprojected B p? B
Then it is straightforward to define r = r;, + 5.

Experimentally drops on the surfaces appear in
Cassie-Baxter state, as can be deduced by
comparing experimental results with analytical
predictions, Fig. 5. This state is stable if Eq. (5) is
true [19] for the intrinsic contact angle 9,:

cos, < £ )
r—¢
0 ] 15 | 20 | 25 | 30 | 35 | 40
5 | 1047 | 1178 | 1281 | 1360 | -
10| - | 1037 | 1139 | 1225 | 1205 | -
5 - T [ 1039 | 1128 | 1204 | 1267 | -
20| - - T [ 1044 | 1125 | 1194 | 1252

Table 1: Minimum intrinsic contact angle (degrees) to achieve stable
Cassie-Baxter states for different pitch distances (columns) and
pillar diameters (rows), measured in microns.

Table 1 shows the minimum value of intrinsic
contact angle at which the structure has a stable
Cassie-Baxter interface for the corresponding
geometrical parameters. The surface base contact
angle for the PF3 coating is 9y = 109°. It can be
seen that most of the structures analysed are
theoretically not stable in  Cassie-Baxter
configuration. However, secondary effects
generate an energy barrier between the Cassie-
Baxter and Wenzel state, rendering the first state
metastable rather than unstable [20], as observable
in our experiments.

3.2 Hierarchical pillars

The wetting state becomes more difficult to
predict for hierarchical structures. Indeed,
hierarchical surfaces can have more complex
interfaces. Typical examples of a complex natural
interface is that of the rose petals [21].

Two different hierarchical structures are
considered here: one with hierarchy on the top and
the bottom of the pillars, Fig. 7a, and one with
hierarchy only around the lateral side of the
pillars, Fig. 7b. More complex structures, as
shown in Fig. 8 and 9, can be easily manufactured
with our process. Fig. 8 is a schematic
representation of the wet plus dry process, while
Fig. 9 represents the surface generated with dry
plus wet process. The roughness parameter and
area fraction can again be found with geometrical
considerations for both cases, allowing the
analysis of different kinds of hierarchical
structures thanks to Eqgs. from (6) to (9).

b)

Figure 7: Sketches of the fabricated hierarchical structures a) with
hierarchy on the top and bottom of the pillars and b) with hierarchy
only on the lateral side of the pillars.

Egs. (6) and (7) describe the area fraction and the
roughness parameter for the first order level
hierarchical structures, i.e. (red) sub-pillars in Fig.
Ta:

nd'?

99 = 72 (6)




d'h
Ty = 1+ 2 (7)

where d’, h, and p are diameter, height and pitch
distance of the sub-pillars. Similarly, to describe
the hierarchical structures in Fig. 7b, we obtain
geometrically:

nd'?
= 8
wd'h
n = 1+ pz (9)

With the two hierarchical levels experimentally
considered, four different wetting configurations
are possible for each structure, Figs. 8, 9. Each
configuration represents a combination of Wenzel
and Cassie-Baxter states at different hierarchical
levels, where the first letter of the subscript

cosVy,y, = 1,1€058 + Trp1HC086,) (10)

cosY,,. = 1. (@;(cosfy +1) — 1) (1)
+7rrp(@g4(cosfy + 1) — 1)

o5V, = @(ryc050, +1) — 1 (12)

cos9¢c = pPg(cosby+1) —1 (13)

indicates the state of the base level and the second
letter indicates the state of the hierarchical level,
W stand for Wenzel state and C for Cassie-Baxter
state. Stable configuration will be the one with
lower energy, for non-hierarchical surfaces this is
the state with lower contact angle.

In the following section the Egs. that predict
contact angles in the different wetting
configurations are presented. Following [5] each
wetting state shown in Figs. 8 or 9 is described by
Eqgs. from (10) to (13), corresponding respectively
to the contact angles denoted by 9,1, » Jwe » Fews
and Y..

Figure 8: Different wetting states of hierarchical structures of type 1:
a) complete wetting or Wenzel state, b) Wenzel state on the surface

and Cassie-Baxter state on the pillars, c) Cassie-Baxter state on the
surface and Wenzel state on pillars, d) complete Cassie-Baxter state.

Figure 9: Different wetting states of hierarchical structures of type
2: a) complete wetting or Wenzel state, b) Wenzel state on the
surface and Cassie-Baxter state on the pillars, c) Cassie-Baxter state
on the surface and Wenzel state on pillars, d) complete Cassie-
Baxter state.

Egs. (10) and (11) are valid for the general case of
hierarchical surfaces. It is possible to apply them
for our surfaces in Figs. 8 or 9 by imposing
respectively r; = 1 or ¢; = 1. Egs. (12) and (13)
are valid for both kind of surfaces [5, 6].
Furthermore it can be seen that Eq. (13) was
already studied as a particular case of Cassie-
Baxter Eq. [16].

3.2.1 Computing the area fraction ¢ for pyramidal
pillars

Our fabricated pillars are nearly square-base
pyramidal elements, see Fig. 10. Physical
dimensions of the tips are not easily calculable,
giving rise to problems on computing the area
fraction for such a surface.

The monocrystalline structure of the silicon
substrate and the high selectivity of the TMAH
etch to the crystalline plane leads to a base angle
for each pyramidal element of 0=54.7° [12]. The
roughness parameter, define as the ratio between
surface area and projected area, is for overlapping
pyramidal elements, as in our case (Fig. 10), only
a function of the base angle, geometrically:

(14)
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Figure 10: a) Top view of silicon textured surface after five minutes
of TMAH. b) 70°tilted view of silicon textured surface.
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This fixed value of roughness allow us to predict
the apparent contact angle of the textured surfaces
in Wenzel state as 9,, = 124.3°.

The Cassie-Baxter equation would predict an
apparent contact angle of 9.5 = 180°, as the drop
is just posed on the top of the pyramidal elements
and the area fraction would tend to 0. This
situation is described in the following equation:

cos9cg = p(cosdy+1)—1- -1,
ifop—0

Between these two limits, Eqg. (16) describes the

trend of the apparent contact angle with variable

area fraction:

(15)

cos9yix = @(2)(Rcos9y +1) — 1 (16)

as can be deduced by eq. (12).

We define z as the distance between the water
surface and the bottom of the pyramidal elements,
so that when z=0, the system is in the Wenzel
state, whereas when z=hnax the related hierarchical
level is in the Cassie-Baxter state.

Experimentally, the contact angle of the texturized
surface is 9y, = 135°. Inserting this value in Eq.
(16) it is possible to calculate the value of the area
fraction. For this configuration the area fraction is
@(z) = @pix = 0.67. This value can be used as
reference value also in the other Egs. (10-13).
Thus the area fraction value for the hierarchical
level is ¢; = @4 = @yix = 0.67. Similarly the
roughness parameters are r; = r; = R.

4. Results and Discussion
Predictions of contact angles are done inserting
the previous values into Egs. (10-13).

Table 2 shows the predicted contact angle for
structures without lateral texturing (of Fig. 8).
Different structure geometries are analysed and
compared with experimental data.

Diameter
X Oww Ouc Ocw Occ Exp. data
Pitch
5x10 180.0 | 180.0 | 156.1 | 155.7 160.6
5x15 154.7 | 180.0 | 155.9 | 160.3 161.9
5x20 139.0 | 180.0 | 162.0 | 165.3 164.0
5x25 133.3 | 180.0 | 165.6 | 168.2 1711

Table 2: Predicted values of contact angle (degrees) compared with
experimental data for structures (microns x microns) and
configurations of Fig. 8.

Non-hierarchical theory shows that the most
stable configuration is the one corresponding to
the lower contact angle. Hence, the stable states
are expected to be described by 6cc, Ocw and Buw,
depending on the geometries. However,
experimental data seem to follow the prediction of
Occ even when it is not the most stable state. This
behaviour can be explained by the presence of an
energy barrier that does not allow the transition
from Cassie-Baxter to Wenzel state [22]. The drop
is then in a metastable state for these geometries.

Table 3 shows the prediction of contact angles for
the surfaces with hierarchy also on the lateral side
(of Fig. 9), whereas on the rightmost column the
experimental data are shown.

Diam. Oww Ouc Ocw Occ Exp. data
X

Pitch

5x10 180.0 180.0 156.1 155.7 160.0

5x15 180.0 180.0 | 155.9 | 160.3 158.9

5x20 1535 180.0 | 162.0 | 165.3 164.8

5x25 140.9 180.0 165.6 168.2 167.3

Table 3: Predicted values of contact angle (degrees) compared with
experimental data for structures (microns x microns) and
configurations of Fig. 9.

Similar considerations valid for the data in table 2
also apply for those reported in table 3. In fact,
the experimental data are quite similar for the two
hierarchical  configurations. ~ However, the
hierarchical configuration with no texturing on the
lateral surfaces, Fig. 8, display a higher contact
angle. This phenomenon could be explained as an
increasing of the effective upper area due to the




presence of the first ring of lateral textured
surfaces. Analytical results have shown how the
state corresponding to Occ increases its stability
range with respect to that described by 6uw thanks
to the presence of the lateral texturing.

From these analyses it is possible to conclude that
the experimental results for both hierarchical and
non-hierarchical structures can be validated via
the presented hierarchical theory [5, 6].
Furthermore all the states seem to be metastable
Cassie-Baxter configurations.

5. Conclusion

In this paper, a new process to quickly generate
large superhydrophobic surface areas composed
of hierarchical structures has been presented. By
changing the steps order inside the process it is
possible to generate two different kinds of
structures: patterns with different hierarchical
geometries were generated using the two
processes.  Furthermore,  patterns  without
hierarchy were also generated as references.

All the surfaces were tested for hydrophobicity,
and hierarchical structures show a significant
improvement of their non-wettability properties
with respect to the non-hierarchical ones.
Experimental results have been rationalized by
applying Wenzel and Cassie-Baxter classical
equations extended to consider hierarchy as
proposed by Pugno [5, 6].

Both hierarchical structures show higher contact
angles with respect to non-hierarchical structures.
The best result shows a contact ang8le equal to
171° and a tilt angle of 4°, outperforming the
wettability of a real lotus leaf. It has been
observed for the wet plus dry process with pillar
diameter of 5um and pitch distance of 25um at a
production rate of about 90 minutes per silicon
wafer, which leads to an approximate rate of 30
s/cm?. Although the best result for tilt angle was
obtained from the same surface, it is not possible
to deduce significant differences on it between
hierarchical and non-hierarchical surfaces.

This fast and effective method could pave the way
to large scale production of lotus-inspired
superhydrophobic surfaces.
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