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a  b  s  t  r  a  c  t

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
uperhydrophobic
ilicon Oxide
icro-fabrication

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 min  per silicon  wafer,  or  30  s/cm2.
©  2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

Hierarchical structures such as the ones found on the lotus leaf
1,2], are useful to improve water repellence of a surface. Specific
oughness topologies are in general able to change the wetting
roperty of a surface [3,4]. Different studies demonstrate theoreti-
ally [5–7] and experimentally [8,9] the importance of hierarchy. In
rder to generate hierarchical structures different processes have
lready been proposed in the literature, typically having in common
ather long and complex fabrication processes [8,10,11].
The aim of this work is to fabricate hierarchical silicon surfaces
ith a new and fast method applicable to large areas.

∗ Corresponding author at: Laboratory of Bio-inspired & Graphene Nanomechan-
cs, Department of Civil, Environmental and Mechanical Engineering, University of
rento, Via Mesiano 77, 38123 Trento, Italy.
∗∗ Corresponding author at : Center for Materials and Microsystems, Fondazione
runo Kessler, Via Sommarive 18, 38123 Povo, TN, Italy

E-mail addresses: boscardi@fbk.eu (M.  Boscardin), nicola.pugno@unitn.it
N. M. Pugno).

ttp://dx.doi.org/10.1016/j.jeurceramsoc.2016.01.041
955-2219/© 2016 Elsevier Ltd. All rights reserved.
The method presented, in this paper is a highly accurate, fast and
repeatable microfabrication process for producing superhydropho-
bic surfaces. It combines an anisotropic wet  etch in a solution based
on Tetramethylammonium hydroxide (TMAH) [12] and a dry etch-
ing. The process herein described requires a minimum 7-min TMAH
processing step plus 9-min 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 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 than those of the natural lotus leaf, also thanks to hierarchy.

In Section 3 an analytical model, based on Wenzel and
Cassie–Baxter models, is implemented to validate the experimental

dx.doi.org/10.1016/j.jeurceramsoc.2016.01.041
http://www.sciencedirect.com/science/journal/09552219
http://www.elsevier.com/locate/jeurceramsoc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2016.01.041&domain=pdf
mailto:boscardi@fbk.eu
mailto:nicola.pugno@unitn.it
dx.doi.org/10.1016/j.jeurceramsoc.2016.01.041


2364 S. Ghio et al. / Journal of the European Cer

r
i
t

2

F
t
h

Fig. 1. Sizes and shapes of realized structures.

esults and to find the most suitable conditions for water-surface
nteraction for future designs. Sections 4 and 5 close the article with
he discussion of the results and the conclusions.

. Experimental analysis

In this section the experimental part of the work is presented.

irst, the methods used to generate the surfaces are described, and
hen the wetting characterizations, for both non-hierarchical and
ierarchical structures, are reported.

Fig. 2. Surface topologies generated with the two processes and comp
amic Society 36 (2016) 2363–2369

2.1. Surface generation

All the patterns and structures presented in this work were fab-
ricated 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 Ion 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 dis-
tances. Diameter goes from 5 �m up to 20 �m,  in steps of 5 �m and
for each value four different pitch distances were considered, from
10 �m up to 40 �m.  Furthermore, two different base patterns were
used, square or hexagonal pattern. A constant height of 15 �m was
fixed for all the pillar topologies Fig. 2.

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 〈1 0 0〉 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◦, which corresponds to
the angle between 〈1 1 1〉 and 〈1 0 0〉 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 min  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 SiO2 layer, which makes the silicon
surface naturally hydrophilic, a self-assembly monolayer (SAM)
coating is needed to impose hydrophobicity [13]. In particular,

ared with the lotus leaf (image of lotus leaf from reference [5]).
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Fig. 4. Contact and tilt angle measurements of structures with post diameter
of  10 �m 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.

Fig. 5. Contact and tilt angle measurements and predictions of structures with post
ig. 3. Schematic description of the two processes to generate the hierarchical
tructures: (a) wet  plus dry process and (b) dry plus wet process.

rimethylchlorosilane (TMCS) and 1-1-2-2-
erfluorodecyltrichlorosilane (PF3) were used for SAM vapor/phase
eposition [13].

.2. Wettability analysis

Wettability measurements were performed using 5 �l drops
f deionized water (18 M� of resistance). An estimation of drop
ontact angle was calculated using “drop analysis” software [14].
xperimental results are reported in the next section.

.2.1. Non-hierarchical pillars
In this section surfaces patterned with pillars, of different diam-

ters and pitch distances, are analysed and compared.
The first results, shown in Fig. 4, refer to a comparison between

he 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,
MS  is quite easy to deposit on the silicon substrate, e.g. the pro-
ess occurs at room temperature in a closed chamber, while PF3
eposition requires a more complex process, e.g., a well-controlled
emperature [13]. Surfaces coated with TMCS in general display an
ncrement of their contact angle, showing Cassie–Baxter interface
ven if the substrate is intrinsically hydrophilic.

The graphs in Fig. 4 provide results of contact or tilt angles
or structures coated with TMCS and PF3, respectively. The struc-
ures considered have post diameter of 10 �m and pitch distances
etween 15 and 30 �m.

Charts on Fig. 4 show that not only the contact angle is better
or PF3 coating with respect to TMCS coating, but especially the
ilt angle. Indeed, TMCS results in a sticky condition, represented
n the graph with value of tilt angle equal to 90◦, while surfaces
oated with PF3 have low tilt angle. For these surfaces the tilt angle

ecreases as the pitch distance increases. For these reasons all sur-
aces considered in this work were coated with PF3.

In order to better understand the role of pattern geometries on
he surface wettability, square or hexagonal base patterns were
diameter of 10 �m and different pitch distances (microns): comparison between
square and hexagonal base patterns.

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.

In addition Fig. 5 presents two analytical predictions for con-
tact 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.
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Fig. 6. Contact and tilt angle measurements of structures with post diameter of 5 �m
and  different pitch distances; comparison between the two hierarchical structures
(a)  wet + dry (b) dry + wet and the non-hierarchical one (c).
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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.

10 15 20 25 30 35 40

5 104.7 117.8 128.1 136.0 – – –

3.2. Hierarchical pillars

The wetting state becomes more difficult to predict for hier-
.2.2. Hierarchical pillars
In this section similar analyses conducted on the non-

ierarchical structures are performed on hierarchical ones (Fig. 6
hows below the graphs a sketch of the different structures). Two
inds of hierarchical structures were developed, as illustrated in
ig. 6a and b. The wet plus dry process generates structures sim-
lar to those reported in Fig. 6a whereas the dry plus wet process
o those reported in Fig. 6b. These structures were tested for both
ontact and tilt angles.

In Fig. 6, comparisons between two kinds of hierarchical struc-
ures and one kind of pillar structure are reported. Considering
urfaces with pillars of 5 �m,  four different pitch distances were
ompared, from 10 �m up to 20 �m.  The results reported in Fig. 6
efer to those surfaces which reach highest contact angles and low-
st tilt angles. During this study, diameters of 5, 10, 15 and 20 �m
ere analysed and rationalized according to the Cassie–Baxter

quation. The surfaces with a lower solid–liquid interface area frac-
ion ϕ have a greater contact angle, as is the case of pillars with
maller diameters.

Fig. 6 also shows how both hierarchical structures present a sig-
ificant improvement with respect to the post structures in terms
f contact angle. Tilt angle varies with the pitch distance for both
ierarchical and post structures.

It has been discussed how hierarchy improves the contact angle,
owever tilt angle does not change significantly with the intro-
uction of a hierarchical level. In some cases, the introduction of
n additional level seems almost counter-productive, as can be
bserved in Fig. 6 for the lower pitch distance. This can be due
o the partial impalement of the drop on the textured surface, as

iscussed in the next section.
10  – 103.7 113.9 122.5 129.5 – –
15  – – 103.9 112.8 120.4 126.7 –
20  – – – 104.4 112.5 119.4 125.2

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 geomet-
rically. Roughness r for a patterned surface is expressed in Eq. (1),
while the solid-liquid area fraction is defined by Eq. (2), in which P is
the pitch distance, H is the pillar height and d is the pillar diameter.

r = Areal

Aprojected
= 1 + �dH

P2
(1)

ϕ = Asolid−liquid

Atotal
= �d2

4P2
(2)

It is useful for our purpose to split Eq. (1) in Eqs. (3) and (4). In
particular Eq. (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:

rL = ALateral

Aprojected
= �dH

P2
(3)

rTB = ATop + ABottom

Aprojected
= P2

P2
= 1 (4)

Then it is straightforward to define r = rL + rTB.
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 ϑ0:

cosϑ0 <
ϕ − 1
r − ϕ

(5)

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 ϑ0 = 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 bar-
rier between the Cassie–Baxter and Wenzel state, rendering the
first metastable rather than unstable [20], as observable in our
experiments.
archical structures. Indeed, hierarchical surfaces can have more
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Fig. 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.
For  interpretation of the references to colour in the text, the reader is referred to the web version of this article.

Fig. 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.
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ig. 9. Different wetting states of hierarchical structures of type 2: (a) complete w
illars,  (c) Cassie–Baxter state on the surface and Wenzel state on pillars, (d) compl

omplex interfaces. Typical examples of a complex natural interface
s that of the rose petals [21]. Two different hierarchical structures
re considered here: one with hierarchy on the top and the bottom

f the pillars, Fig. 7a, and one with hierarchy only around the lat-
ral side of the pillars, Fig. 7b. More complex structures, as shown
n Figs. 8 and 9, can be easily manufactured with our process. Fig. 8
g or Wenzel state, (b) Wenzel state on the surface and Cassie–Baxter state on the
ssie–Baxter state.

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 equations from
(6) to (9).
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Fig. 10. (a) Top view of silicon textured surface after five m

Eqs. (6) and (7) describe the area fraction and the roughness
arameter for the first order level hierarchical structures, i.e. (red)
ub-pillars in Fig. 7a:

g = �d′2

4p2
(6)

g = 1 + �d′h
p2

(7)

here d′, h, and p are diameter, height and pitch distance of the sub-
illars. Similarly, to describe the hierarchical structures in Fig. 7b,
e obtain geometrically:

l = �d′2

4p2
(8)

l = 1 + �d′h
p2

(9)

With the two hierarchical levels experimentally considered,
our different wetting configurations are possible for each struc-
ure, Figs. 8, 9. Each configuration represents a combination of

enzel and Cassie–Baxter states at different hierarchical levels,
here the first letter of the subscript indicates the state of the

ase level and the second letter indicates the state of the hierarchi-
al level, W stand for Wenzel state and C for Cassie–Baxter state.
table configuration will be the one with lower energy, for non-
ierarchical surfaces this is the state with lower contact angle. In
he following section the equations that predict contact angles in
he different wetting configurations are presented. Following [5]
ach wetting state shown in Figs. 8 or 9 is described by equations
rom (10) to (13), corresponding respectively to the contact angles
enoted by ϑww , ϑwc , ϑcw , and ϑcc .

osϑww = rLrlcos�0 + rTBrgcos�0 (10)

os ϑwc = rL

(
ϕl

(
cos�0 + 1

)
− 1

)
+ rTB(ϕg(cos�0 + 1) − 1) (11)

osϑww = rLrlcos�0 + rTBrgcos�0 (12)

osϑcc = ϕϕg

(
cos�0 + 1

)
− 1 (13)

Eqs. (10) and (11) are valid for the general case of hierarchical
urfaces. It is possible to apply them for our surfaces in Figs. 8 or 9 by

mposing respectively rl = 1 or ϕl = 1. Eqs. (12) and (13) are valid for
oth kind of surfaces [5,6]. Furthermore it can be seen that Eq. (13)
as already studied as a particular case of Cassie–Baxter equation

16].
es of TMAH. (b) 70◦ tilted view of silicon textured surface.

3.2.1. Computing the area fraction ϕ for pyramidal pillars
Our fabricated pillars are nearly square-base pyramidal ele-

ments, 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  ̨ = 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:

R = 1
cos˛

(14)

This fixed value of roughness allow us to predict the appar-
ent contact angle of the textured surfaces in Wenzel state as ϑw =
124.3◦.

The Cassie–Baxter equation would predict an apparent contact
angle of ϑCB

∼= 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:

cosϑCB = ϕ (cos ϑ0 + 1) − 1 → −1, (15)

if ϕ → 0

Between these two limits, Eq. (16) describes the trend of the
apparent contact angle with variable area fraction:

cosϑMix = ϕ (z) (Rcosϑ0 + 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 = hmax the related hierarchical
level is in the Cassie–Baxter state.

Experimentally, the contact angle of the texturized surface is
ϑMix = 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 ϕ (z) = ϕMix = 0.67. This value can be used as reference value
also in the other Eqs. (10–13). Thus the area fraction value for the
hierarchical level is ϕl = ϕg = ϕMix = 0.67. Similarly the roughness
parameters are rl = rg = R.
4. Results and discussion

Predictions of contact angles are done inserting the previous
values into Eqs. (10)–(13).
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Table  2
Predicted values of contact angle (degrees) compared with experimental data for
structures (microns × microns) and configurations of Fig. 8.

Diameter × pitch �ww �wc �cw �cc Exp. data

5 × 10 180.0 180.0 156.1 155.7 160.6
5  × 15 154.7 180.0 155.9 160.3 161.9
5  × 20 139.0 180.0 162.0 165.3 164.0
5  × 25 133.3 180.0 165.6 168.2 171.1

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

Diameter × pitch �ww �wc �cw �cc Exp. data

5 × 10 180.0 180.0 156.1 155.7 160.0
5 × 15 180.0 180.0 155.9 160.3 158.9
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5  × 20 153.5 180.0 162.0 165.3 164.8
5  × 25 140.9 180.0 165.6 168.2 167.3

Table 2 shows the predicted contact angle for structures with-
ut lateral texturing (of Fig. 8). Different structure geometries are
nalysed and compared with experimental data.

Non-hierarchical theory shows that the most stable configura-
ion is the one corresponding to the lower contact angle. Hence,
he stable states are expected to be described by �cc, �cw and �ww,
epending on the geometries. However, experimental data seem
o follow the prediction of �cc even when it is not the most stable
tate. This behavior can be explained by the presence of an energy
arrier that does not allow the transition from Cassie–Baxter to
enzel state [22]. The drop is then in a metastable state for these

eometries.
Table 3 shows the prediction of contact angles for the surfaces

ith hierarchy also on the lateral side (of Fig. 9), whereas on the
ightmost column the experimental data are shown.

Similar considerations valid for the data in Table 2 also apply
or those reported in Table 3. In fact, the experimental data
re quite similar for the two hierarchical configurations. How-
ver, the hierarchical configuration with no texturing on the
ateral surfaces, Fig. 8, displays a higher contact angle. This phe-
omenon could be explained as an increasing of the effective
pper area due to the presence of the first ring of lateral textured
urfaces. Analytical results have shown how the state corre-
ponding to �cc increases its stability range with respect to that
escribed by �ww thanks to the presence of the lateral textur-

ng.
From these analyses it is possible to conclude that the experi-

ental results for both hierarchical and non-hierarchical structures
an be validated via the presented hierarchical theory [5,6]. Fur-
hermore all the states seem to be metastable Cassie–Baxter
onfigurations.

. Conclusion

In this paper, a new process to quickly generate large superhy-
rophobic surface areas composed of hierarchical structures has
een presented. By changing the steps order inside the process it
s possible to generate two different kinds of structures: patterns
ith different hierarchical geometries were generated using the

wo processes. Furthermore, patterns without hierarchy were also
enerated as references.

[

[

amic Society 36 (2016) 2363–2369 2369

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. Experi-
mental 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 con-
tact angle 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 5 �m and pitch distance of
25 �m at a production rate of about 90 min  per silicon wafer, which
leads to an approximate rate of 30 s/cm2. Although the best result
for tilt angle was  obtained from the same surface, it is not possi-
ble 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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