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1. Introduction

Superhydrophobic surfaces are characterized by static contact 
angles (CA) with water higher than 150° [1, 2] and they have 
numerous applications in the areas of self-cleaning [3, 4], 
liquid motion sensing [5], anti-fouling [6], anti-freezing [7] 
and heat transfer enhancement [8]. It has been shown that sur-
faces with hierarchical micro/nano structures are efficient at 
reducing the actual contact area between the solid surface and 
the liquid droplet, thus increasing contact angle and decreasing 

sliding angle [9]. Reported methods of creating hierarchical 
micro/nano surfaces include electron beam lithography [10], 
replicate molding [11, 12], plasma etching [9], nanopillar or 
nanowire formation [13], self-assembly [14], shift patterning 
[15], metal-assisted chemical etching [16–18], etc. Most of 
these demonstrations of hierarchical micro/nano surfaces are 
composed of simple microstructures such as micropillars or 
microspheres. Recent studies show that re-entrant or micro-
hoodoo structures are capable of preventing liquid oil from 
falling into the gaps between the micropillars, thus reducing 
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Abstract
This paper reports a new type of hierarchically structured surface consisting of re-entrant 
silicon micropillars with silicon nanowires atop for superhydrophobic surface with extremely 
low hysteresis. Re-entrant microstructures were fabricated on a silicon substrate through a 
customized one-mask microfabrication process while silicon nanopillars were created on the 
entire surface of microstructures, including sidewalls, by a metal-assisted-chemical etching 
process. The strategy of constructing hierarchical surfaces aims to reduce the actual contact 
area between liquid and top part of solid surface, thereby increasing the contact angle and 
reducing the sliding angle. The strategy of using re-entrant profile of the microstructure aims 
to prevent a liquid droplet from falling into cavities of roughened structures and decrease 
the actual contact area between the liquid droplet and sidewalls of solid structures, therefore 
reducing adhesion forces acting on the liquid droplet. Our measurement shows that the surface 
incorporating both hierarchical and re-entrant strategies exhibits a sliding angle as low as 0.5°, 
much lower than sliding angles of surfaces only incorporating either one of the strategies.
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the contact area between an oil droplet and the micropillar 
[19]. It is also hypothesized that combining both hierarchical 
structures and the re-entrant shape might further increase 
superhydrophobicity and reduce hysteresis [19]. However, 
little research has been undertaken to explore the hydropho-
bicity and liquid-repelling properties of hierarchical surfaces 
incorporating re-entrant microstructures. In this paper, we 
report a scalable method of producing re-entrant silicon 
microstructures and adding silicon nanopillars on their sur-
faces for superhydrophobicity applications. More importantly, 
our measurements show that surfaces incorporating both hier-
archical frame and micro re-entrant structures exhibit much 
lower sliding angle than structures incorporating only hierar-
chical or only micro re-entrant scheme.

A simple one-mask pattern transfer and combinations of 
etching steps produce the complex, multi-scale, as well as three 
dimensional (3D) re-entrant geometries in silicon substrates. 
Re-entrant microstructures were fabricated via a customized 
microfabrication process based on a combination of both 
anisotropic and isotropic dry etching steps, while silicon nan-
opillars were created on the resulting microstructures by a wet 
metal-assisted-chemical etching (MACEtch) process. It was 
observed that sidewall sub-micron features from deep reac-
tive ion etching (DRIE) interfere with nanopillar formation. 
In order to facilitate MACEtch on both top and sidewall of sil-
icon microstructures, a method has been developed to smooth 
the sidewall sub-micron features. We also discuss geometric 
aspects of the microstructure design and crystal planes that are 
at play and have a bearing on how the nanopillars evolve into 
the sidewalls. The results from droplet wetting experiments 
indicate that employing re-entrant shaped microstructure with 
a hierarchical structure frame is a promising path to achieve 
superhydrophobicity with extremely low hysteresis.

2. Experimental

2.1. Fabrication flow

Figure 1 shows the major fabrication steps of hierarchical 
micro/nanostructures with re-entrant shape. An array of 4 µm 
tall micropillars was patterned on a p-type <100 >  silicon sub-
strate using conventional photolithography (step a) and DRIE 
(step b). Following these steps, a 100-nm-thick amorphous 
fluorocarbon (C4F8) film [20] was deposited everywhere on 
the sample surfaces (step c). SF6 plasma Reactive Ion Etching 
(RIE) was used to etch the sample with a little bias. First, the 
amorphous fluorocarbon film on the bottom of the substrate 
was removed with the help of physical bombardment, but left 
the fluorocarbon film on the micropillar sidewalls intact. Then 
silicon exposed at the bottom of the substrate was etched by 
SF6 plasma isotropically, and formed re-entrant microstruc-
tures due to undercutting (step d) while the fluorocarbon film 
protected the sidewalls of the silicon micropillars from any 
further etching. By tuning the fluorocarbon film thickness, the 
thickness of the crown of the re-entrant microstructure can 
be adjusted. The fluorocarbon film was then removed by a 
two-step process - an initial 20 min Piranha cleaning step, fol-
lowed by a 20 min ashing process in oxygen plasma (step e). 

Surface oxides formed during cleaning processes were etched 
away in buffered hydrofluoric acid (BHF). After cleaning, 
nanopillars were created everywhere on the surface (step f) 
using MACEtch [21–24]. Details of the MACEtch step are 
explained in the following sub-sections. Finally, a 20 nm thick 
amorphous fluorocarbon film was coated on the surface to 
decrease surface energy for improved water repulsion (step g).

2.2. Sidewall nanopillar fabrication on patterned substrates

The MACEtch used in our experiments consisted of three 
stages. The first stage was the sample preparation in which 
the scallops on the sidewall of the silicon micropillars formed 
during the DRIE process were removed. The sample was oxi-
dized in a tube furnace at 1100 °C for 110 min to a known 
thickness (~150 nm) that was greater than the DRIE sidewall 
scallops. Then the silicon oxide was etched away in BHF to 
free the micropillar surfaces from any roughness. The second 
stage was the actual MACEtch in which silicon nanopillars 
were synthesized by electroless etching in a solution of Ag+ 
ions (20 mM) in HF (5 M) for ca. 2 min, as shown in figure 1 

Figure 1. Schematics illustrating major fabrication processes 
of micro/nano hierarchical structure using microfabrication and 
MACEtch.
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(step f) [21]. This synthesizing method relies on the two-step 
kinetics of the Ag+-Si redox couple that forms when dendritic 
Ag deposits on the surface of silicon. In the first step, the reduc-
tion of Ag+ induces holes to oxidize Si at the interface. In the 
second step, this interface oxide is etched away by HF. As these 
two steps alternate, the Ag-Si interface propagates into the sil-
icon substrate forming an ordered self-assembly of nanopillars 
[25]. After the synthesizing stage, the third and final stage was 
that of cleaning the sample in concentrated aqueous HNO3 to 
etch away silver dendrites deposit and reveal silicon nanopillars 
on the top as well as on the sidewall of the microstructures.

2.3. MACEtch process optimization

In order to ensure good quality of nanopillar formation on 
silicon microstructures both for uniformity of depth and area 
coverage, it is very important to have optimized MACEtch 
conditions. The surface roughness and morphology of the 
underlying microstructures are crucial in seeding silver den-
drites that lead to formation of silicon nanopillars in the Ag+/
HF etching system [9, 18].

To study the effect of surface roughness on MACEtch, we 
prepared two microstructures of the same shape but different 
sidewall roughness. Both microstructures were cylindrical 
micropillar arrays of 100 µm diameter and 150 µm equit-
riangular pitch. Sample A was patterned through optical 
lithography followed by a conventional 2 µm/min etch rate 
DRIE process in a Plasmatherm ICP-DRIE system. Sample B 
was fabricated through the same optical pattern transfer, but 

etched at a much faster rate (20 µm/min) in a STS Pegasus 
ICP-DRIE system. Both samples were treated with the same 
subsequent cleaning, sidewall smoothing steps described 
above. Finally, MACEtch was performed to yield about 1 µm 
tall nanopillars.

Figure 2 shows SEM images of the corresponding specimens 
after subsequent cleaning, sidewall treatment, and nanopillar 
MACEtch as outlined above. As shown in figure 2(a, c), the 
short thermal oxidation/etch treatment effectively smoothed 
the 110 nm deep scallops formed during 2 µm/min DRIE and 
silicon nanopillars were observed on the sidewalls. However, 
as seen in figure 2(b, d), the scallops formed during 20 µm/
min DRIE are much deeper (ca. 550 nm). They prevail even 
after the sidewall treatment and, eventually, the MACEtch 
only caused further roughening but no nanopillar formation. 
We believe that during MACEtch, the Ag-Si redox cells that 
are seeded on the rough surface end up etching into each other 
only to cause roughness and the process fails to propagate 
towards yielding nanopillars. Hence, a smooth surface and a 
sidewall treatment step are essential for improving the distri-
bution uniformity of the silver dendrites that etch nanopillars 
laterally on the sidewalls of patterned microstructures.

To investigate the effect of silicon microstructure shapes 
on nanopillar formation, we prepared three microstructures 
of circular, triangular and hexagonal shapes respectively from 
[100] crystal plane silicon substrates. All the three microstruc-
tures were optical lithography patterned, DRIE etched at 2 µm/
min, and MACEtched (≥5 min) to yield tall silicon nanopil-
lars on the sidewalls. In all three cases, the same cleaning and 

Figure 2. (a) A SEM image of micropillars etched using a 2 µm/min etching rate DRIE process resulting in 110 nm sidewall roughness; 
(b) SEM image of micropillars etched by a 20 µm/min etch rate DRIE process resulting in 550 nm sidewall roughness; (c) Magnified view 
of nanowires present on both the sidewall and the top surface of micropillars as shown in (a); (d) Magnified view showing nanowires only 
present on the top surface of micropillars as shown in (b).

(a) (b)

(d)(c)

50 µm 50 µm

1 µm 5 µm
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surface treatments as outlined in the fabrication were used to 
prepare the sidewalls for nanopillar formation. A thin LPCVD 
Si3N4 film, compatible with the rest of the fabrication process, 
served as an etch mask to prevent nanopillars formation on the 
top surface of the microstructures. Figure 3 shows the SEM 
images of the three microstructures with nanopillars on the 
sidewalls (A, B, C). It was observed that majority of nanopil-
lars follow <100 >  planes, which agrees with reported work on 
observation of nanopillar directionality [9, 22]. Furthermore, 
it was observed that, regardless of the sidewall orientation 
with respect to the wafer flat: either 30° or 60° in the case of 
triangles and hexagons and a progressive change from -90° to 
+90° for the circular post, nanopillars evolve by etching into 
the nearest <100 >  plane. In all three cases, we were able to 
obtain uniform size and coverage of nanopillar bundles (A3, 
B3 and C3). As shown in figure 3 (B2), nanopillars were ori-
ented along multiple orthogonal <100 >  planes near the edge 
features. As shown in figure 2(c), nanopillars were oriented 
along multiple orthogonal <100 >  planes where the tangential 
direction of curved surface has 45° with respect to the <100 >  
reference directions in the case of circular geometry. Along 
sharp vertical edge lines, notably in the case of the vertices of 
the triangular microstructure (B2), the Ag-Si redox couples 
from orthogonal intersecting planes etched into each other and 
only caused irregular nanoscale roughness. Our results indi-
cate that regardless of the microstructure shape, the nanopillar 
etch follows well-defined directionality with respect to the 
crystal planes in the substrate.

2.4. Contact angle measurements

The wetting behavior of a surface is widely characterized 
through CA measurements at the interface of a liquid droplet 
as it wets the surface. The equilibrium CA of such a liquid 
droplet on a rough surface is given by the well-known Cassie–
Baxter equation [26]:

θ θ= + −∗ ( )fcos cos 1 1y (1)

where, θ* is the apparent CA, θy is the equilibrium CA mea-
sured for the liquid droplet on a smooth surface of the same 
material, and f is the area fraction of the solid that contacts the 
liquid. To increase the equilibrium CA, the two factors, f and 
θy can be tuned. Area fraction, f, can be reduced by generating 
surface roughness and θy can be increased by adding a hydro-
phobic coating such as Teflon®. In our testing specimens, 
we used Teflon®-like fluoropolymer as the coating material, 
which is composed of C4F8 deposits derived from the DRIE 
process.

In order to characterize individual contributions from 
the re-entrant profile as well as the multi-scale structural 
hierarchy to superhydrophobicity, we measured contact 
angle and sliding angle of water on three sets of samples. 
The first set of samples had the complete 3D hybrid struc-
ture consisting of both the re-entrant profile micropillars 
and nanopillars etched on their top/sidewall surfaces. The 
second set consisted of re-entrant profile micropillars only. 
The third set consisted of hierarchical structure with straight 

Figure 3. SEM images of circular (A), triangular (B) and hexagonal (C) testing structures after sidewall MACEtch. The top surfaces were 
protected using a 1 µm thick LPCVD Si3N4 film to prevent nanopillar formation on top of the test structures.
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micropillars instead of re-entrant micropillars. Other con-
trol specimens included a smooth flat silicon surface as well 
as a flat specimen with only nanostructures fabricated by the 
same 2 min MACEtch. All samples were coated with 20 nm 
thick amorphous fluorocarbon film [27]. The apparent static 
contact angle was measured using a CAM 200 goniometer 

(KSV Instruments Ltd Helsinki, Finland). The sliding angle 
for the droplet, which is defined as the tilting angle of 
the surface with respect to the horizontal when the liquid 
droplet begins to move, was simulated and measured using 
a precise tilting stage.

3. Results and discussion

Figure 4(a, c) show two re-entrant silicon microstructures 
(M1 and M2) from the above described fabrication process 
(steps a–e). Sample M1 was etched in SF6 RIE for 1 min. 
Sample M2 was etched in SF6 RIE for 2 min, thus resulting in 
deeper undercut and thinning down of top crown of the micro 

Figure 4. SEM images (a, b) of two different re-entrant microstructure arrays, and (c, d) corresponding hierarchical micro/nano structures 
created by MACEtch. Nanopillars on top and sidewalls of a re-entrant structure are shown in the insets. (e) SEM image of an array of 
regular silicon micropillar. (f) SEM image of an array of hierarchical micro/nanostructures with nanopillars on the surface of micropillars.

Table 1. Geometric parameters (as fabricated) for the re-entrant 
microstructures.

Design
Top crown 
width (µm)

Pitch 
size (µm)

f derived from 
SEM image

f derived from 
measured CA

Sample A 5.9 14 0.18 0.14
Sample B 3.5 14 0.04 0.06

J. Micromech. Microeng. 24 (2014) 095023
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re-entrant structures. Measured design parameters for the 
microstructures are summarized in table 1. Figure 4(b, d) show 
the corresponding hierarchical micro/nano structures (H1 and 
H2) fabricated using the above described fabrication process 
(step f to step g). Both samples went through 2 min electroless 
etching in MACEtch. Sample H1 corresponds to microstruc-
tured sample M1 and sample H2 corresponds to M2. In each 
subfigure, insets on the top right are magnified views of the 
micropillar before and after the MACEtch. Insets on the 
bottom right of figure 4(c, d) show zoomed-in images of sil-
icon nanopillars both on the top and sidewalls of the re-entrant 
microstructures. By incorporating the two-step anisotropic/iso-
tropic etching strategy and optimizations to the MACEtch, we 
were able to obtain 3D re-entrant microstructures with nano-
pillars that had complete top and sidewall coverage over the 
entire profile. The relative ease and scalability of our approach 
arises from the fact that the entire fabrication involved a single 
optical alignment/pattern transfer step at the beginning, the 
subsequent steps are all based on conventional MEMS etch 
schemes and, ultimately, the self-aligned formation of nano-
pillars with respect to the crystal orientation. Figure  4(e, f) 
shows the SEM images of straight silicon micropillars and the 
corresponding hierarchical micro/nanostructure after adding 
nanopillars on the surface of micropillars using MACEtch.

Figure 5 shows water CA measured on four types of sur-
faces and plotted on the theoretical Cassie state curve. The four 

types of surfaces are: (a) smooth surface, (b) pure nanostruc-
tured (flat) surface, (c) pure re-entrant microstructure and d) 
re-entrant as well as hierarchical micro/nano structured surface. 
For a smooth surface, f approaches a value of 1, so the apparent 
CA is the same as the equilibrium CA of water on fluorocarbon 
film surface, which is measured to be 117°. Pure nanostructured 
surface has a CA of 142° and hence, according to equation (1), 
f = 0.39. Microstructured sample M1 has a CA of 158°, cor-
responding to a value of f = 0.14, which is close to the f-value 
derived from the SEM images shown in figure 4(a). Since the 
dimension of the re-entrant micropillar is 5.9 µm while the 
spacing between each pillar is 14 µm, the area fraction is calcu-
lated to be 0.18. Table 1 also summarizes the f-values estimated 
from both SEM images and the CA measurements. The micro/
nano hierarchical structure sample H1 has a CA of 165° and the 
theoretical area fraction is 0.07, which is close to the product 
of f of microstructure 0.18 and f of the nanostructure 0.39. This 
indicates that a water droplet contacts the micro/nano hierar-
chical structure in Cassie state. The same trend also follows in 
the case of micro/nano hierarchical structure H2. Sample H2 
has a smaller area fraction, leading to a CA of 171°, which is 
larger than that of H1. The results proved that hierarchical struc-
ture increases the CA by decreasing the contact area between 
liquid and the top part of the solid surface.

Table 2 summarizes CAs and sliding angles of water and 
glycerol on three different sets of samples. The first set of 

Table 2. CAs and sliding angles for water and glycerol on three sets of constructed surfaces.

Surface types
CA of  
water (°)

Sliding angle 
of water (°)

CA of  
glycerol (°)

Sliding angle 
of glycerol (°)

Micro re-entrant 1 (M1) 158  ±  2 15  ±  0.2 162  ±  2 28  ±  0.2
Re-entrant and hierarchical (H1) 165  ±  1 2.0  ±  0.2 164  ±  2 4.6  ±  0.2
Micro re-entrant 2 (M2) 167  ±  1 6.5  ±  0.2 161  ±  2 6.6  ±  0.2
Re-entrant and hierarchical (H2) 171  ±  1 0.5  ±  0.2 164  ±  2 2.2  ±  0.2
Micropillar and hierarchical (H3) 166  ±  4 9.6  ±  0.2 159  ±  4 19.6  ±  0.2

Figure 5. Measured CA of water on four surfaces compared with the theoretical Cassie state curve. Actual snapshots of a water droplet 
contacting the specimen are shown as insets within the plot, and schematics of the profile and structural hierarchy are shown on the right.

J. Micromech. Microeng. 24 (2014) 095023
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samples M1 and M2 have only micro re-entrant structures. The 
second set of samples H1 and H2 have both micro re-entrant 
structures similar as M1 and M2 but also have nanopillars on 
the top and sidewalls. Sliding angles for water droplets on M1 
and M2 measure at 15° and 6.5° respectively. After creating 
nanopillars on the surface, these sliding angles of H1 and H2 
drop to as low as 2° and 0.5° respectively. The third sample, 
H3, has silicon nanowires on straight micropillars with the 
same pitch and similar pillar size as H1, and the nanopillars 
were synthesized through MACEtch in the same way but 
without the prior isotropic RIE modification for the re-entrant 
profile. As shown in table 2, this structure exhibits similar CA 
but much higher sliding angle 9.6°. The same trend also exists 
for glycerol. H1 has a sliding angle of 4.6°, much lower than 
the sliding angle of glycerol on M1 (28°) and sliding angle of 
glycerol on H3 (19.6°).

Figure 6 shows a series of snapshots, each at 33 ms time 
intervals, which recorded a 20 µL water droplet coming in 
contact with the surface of H2 sample tilted at an angle of 
1° from the horizontal. Since the adhesion force between the 
sample surface and water droplet is very small, a droplet that is 
smaller than 20 µL cannot be released from the pipette easily. 
Therefore, a 20 µL water droplet was used and gravity facili-
tated the release of the water droplet from the pipette to the 
sample surface. Under these conditions, the surface was found 
to be extremely hydrophobic and the droplet, upon release, 
rapidly rolled off the surface. The reason for this extremely 
low contact angle hysteresis may be attributed to the com-
bined effect of both shape and hierarchy in the reduction of 

actual contact area between the liquid droplet and solid struc-
ture. A hierarchical structure, or adding nanopillars on top of 
micropillars in our case, causes the water droplet to come in 
contact with smaller area on the top surface of the substrate. 
Thus adhesion between the liquid and solid surface decreases, 
resulting in reduced hysteresis.

In the case of re-entrant structures, their adverse curvature 
opposes the extension of the liquid-solid interface below the 
crown which helps to prevent the water droplet from falling 
into the gap between pillars, therefore reducing the liquid 
contact with the sidewalls of the pillars. Figure  7 shows a 
schematic describing liquid droplet contacting two hierar-
chical structures with straight micropillars and re-entrant 
micropillars. Figure 7(a) shows the liquid contact with regular 
straight pillars, as it is the case with sample H3. The water 
droplet partially wets the micropillars but sits on top of the 
nanopillars, exhibiting the so-called ‘partial Wenzel and par-
tial Cassie state’ observed on hierarchical structures by many 
researchers [15, 28–30]. Figure 7(b) shows the liquid contact 
with re-entrant pillars, as it is the case with sample H1 and 
H2; Sample H1 and H2 both have re-entrant micropillars that 
prevents water droplet from contacting more area with the 
sidewalls of the pillars, thus the hysteresis is lower.

The experimental results show that it is essential to incor-
porate a combination of both strategies to minimize the contact 
between liquid and solid structure to achieve excellent super-
hydrophobicity with extremely low sliding angles. Achieving 
complex 3D hierarchical structures through polymer coatings 
and surface modifications is not easy, and there have been 

Figure 6.  A series of photographs showing a water droplet rolling along H2 surface oriented at a tilt angle of 1° from the horizontal. The time interval 
between each snapshot was 33 ms. See also the video in the Supplementary Information (available online at: stacks.iop.org/JMM/24/095023/mmedia).

J. Micromech. Microeng. 24 (2014) 095023
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several previous attempts to adapt these techniques to obtain 
re-entrant structures for making superhydrophobic surfaces. 
While reported methods so far for fabricating re-entrant struc-
tures include XeF2 etching of silicon using silicon oxide mask, 
electrospinning [19] and 3D diffuser lithography [31], these 
fabrication methods, however, are not easy for incorporating 
hierarchical schemes. For example, Tuteja et al reported re-
entrant structures with silicon oxide on top. However, adding 
nanostructures on both silicon oxide and the silicon surfaces 
at the same time is not easy. Our method provides a straight-
forward one-mask lithographic scheme to realize monolithic 
structures of both re-entrant sidewall profiles and multi-scale 
hierarchy in bulk silicon substrates. Moreover, processes for 
making re-entrant microstructures are a simple combination 
of anisotropic and isotropic dry etching steps that can be 
performed in any standard ICP-RIE silicon etching system. 
The top-down fabrication of all-silicon re-entrant microstruc-
tures facilitates the fabrication of silicon nanowires using 
MACEtch.

4. Conclusions

A scalable method, using one-mask micro pattern transfer 
step, was developed for fabricating hierarchical micro/
nano structures with re-entrant micropillars in silicon. Our 
method, using the MACEtch, created silicon nanopillars on 
the entire surface of patterned silicon microstructures—for 
the combined advantages of both re-entrant and hierarchical 
structures. Multi-scale hierarchy reduces the actual contact 
area between liquid and top part of the solid. The re-entrant 
profile configuration prevents water from falling into gaps 
between the microstructures, thus further reducing the actual 
contact area between sidewall of solid and liquid. The resulting 
3D re-entrant and hierarchically structured surface exhibits 
superhydrophobicity with a water CA of 171° and a sliding 
angle of 0.5°. Our work has demonstrated that combining 
both hierarchical texture for surface roughness and re-entrant 
profile curvature can lead to superhydrophobic surfaces with 
extremely low sliding angles.
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