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A B S T R A C T

Unique and inherent nano-roughened morphologies of vertically aligned carbon nanotube

(VACNT) forests are desirable for mimicking biological superhydrophobic surface systems.

In this paper, we report on a new class of robust dual-roughened superhydrophobic

surfaces based on VACNT forests coated conformally with thin silicone. The vapor phase

deposition of silicone considerably reduces the surface energy of the VACNTs by confor-

mally and completely covering the vertical structures. This significantly enhances the

superhydrophobic robustness of the VACNTs by preventing the surfaces from being wet,

even under pressurized conditions. In addition, micro-patterning based on a simple con-

tact transfer technique enables easy fabrication of VACNT micro-pillar arrays with various

pillar-to-pillar spacings ranging from 45 to 160 lm with respect to a fixed width of �65 lm.

A combination of simple contact transfer and subsequent silicone coating techniques facil-

itates the achievement of micro/nano hierarchical VACNT superhydrophobic surfaces with

superior wetting properties (high water contact angle of 168 ± 0.3�, low contact angle hys-

teresis of 2.64 ± 0.4�, and low sliding angle of <�5�) and water-repellent performance (even

at impact velocity of up to �1.4 m/s) while ensuring superhydrophobic robustness.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Over the past decades, superhydrophobic surfaces have

attracted great attention due to their potential in practical

applications, which is facilitated by their unique and desir-

able properties such as self-cleaning and water-repellency

[1–5]. In general, the wetting properties of such solid surfaces
strongly depend on the chemical composition and geometri-

cal features of the surfaces. In particular, the surface rough-

ness plays a very important role in achieving non-wetting

surfaces with enhanced superhydrophobic properties that

ensure a water contact angle (WCA) larger than 150� and a

contact angle hysteresis (CAH) smaller than 10�. A number

of different material systems have been used to demonstrate
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functional superhydrophobic surfaces by creating multiscale

roughness on the surfaces with various fabrication techni-

ques [2–7].

Recently, vertically aligned carbon nanotube (VACNT)

forests have been considered as one of the most straightfor-

ward approaches to mimic nature’s non-wetting surface

designs owing to the fairly uniform nanoscale surface rough-

ness on their vertical architectures [8–13,18–25]. However, it is

well-known that droplets on VACNT forests are typically not

stable because they can eventually seep into the inter-CNT

spaces on the surfaces within a few minutes after introduc-

tion [8,9]. Moreover, the surface morphologies of VACNT for-

ests with uniformly and densely packed CNTs can be

irreversibly deformed by the surface-tension-driven bundling

of adjacent CNTs during drying [9]. Therefore, versatile sur-

face functionalization methods have also been developed to

improve the superhydrophobic robustness of VACNT forests

[8–13].

Recent studies have verified theoretically and experimen-

tally that hydrophobic performance can be significantly

enhanced on hierarchically structured surfaces [14,15]. There-

fore, a number of fabrication approaches have been devel-

oped to create dual-scaled hierarchical surface geometries

including plasma etching, chemical reactions, self-assembly,

hydrothermal treatment, spin-coating, and electrodeposition

[16–24]. In addition, many attempts have been made to

demonstrate hierarchical VACNT forests by combining micro-

scale structures with the inherent nanoscale surface rough-

ness of VACNT forests [25–32]. Some groups have fabricated

double-roughened superhydrophobic surfaces by growing

aligned CNTs entirely on micro-patterned silicon templates

deposited with catalytic metal layers [18–20]. Although the

resultant hierarchical surfaces clearly showed enhanced wet-

ting properties compared to those of mono-scale ones, the

fabrication complexity may be unavoidable due to the

multi-step processes for preparing the micro-pillar-arrayed

silicon templates.

In addition, many have reported enhanced hydrophobicity

of VACNT forests by three-dimensionally structuring them

through a site-selective growth on catalyst patterns prepared

by various approaches, including photolithography [27,28],

nanosphere lithography [29], pattern transfer [30]. These

methods would be preferable to alleviate the complexity in

the fabrication of dual-scale VACNT forests. However, it

would be quite a challenge to prepare arbitrary shapes of

VACNT patterns uniformly on a large area because of the cat-

alyst geometry-dependent growth behavior of VACNTs [31].

As a top-down approach, a laser pruning technique has been

used to create hierarchical VACNT microwalls with improved

hydrophobicity [32]. Although VACNT microwalls with

various widths could be periodically fabricated using a

focused laser beam system, complex and highly controllable

equipment is inevitably required for micropatterning VACNT

forests.

In this work, stable hierarchical superhydrophobic sur-

faces based on VACNT micro-pillar arrays with inherent

nanoscale roughness are fabricated and characterized. The

superhydrophobic robustness of VACNT forests is simply

achieved through a conformal and complete coating of thin

hydrophobic silicone layer using a simple vapor phase
deposition. The VACNT micro-pillar arrays with different

inter-pillar spaces are easily fabricated in a designable man-

ner by selectively removing unnecessary portions of VACNT

forests through a simple contact transfer technique. This

makes it possible to simply demonstrate dual-scale hierarch-

ical VACNT surfaces with microscale roughness (micro-pillar

arrays) and nanoscale roughness (nano-asperities on the

VACNT micro-pillar surfaces), resulting in the enhancement

of superhydrophobicity in the Cassie-Baxter regime.
2. Experimental details

2.1. Synthesis of VACNT forest and conformal silicone
coating

VACNT forests were synthesized on a silicon substrate with a

�300-nm-thick thermally grown silicon dioxide (SiO2) layer

using a thermal chemical vapor deposition (T-CVD) process.

Prior to VACNT growth, electron-beam evaporation and

atomic layer deposition (ALD) techniques were employed to

deposit a �2-nm-thick catalytic metal film (iron, Fe) and a

�10-nm-thick barrier layer (alumina, Al2O3) on the supporting

silicon substrate. After placing the catalyst-deposited sam-

ples into a T-CVD reactor, the reactor was ramped to 625 �C
and the temperature was held for 30 s to establish catalytic

islands while maintaining a pressure of 80 mbar and a hydro-

gen (H2) flow rate of 700 cubic centimeters per minute (sccm).

Subsequently, ethyne (C2H2) gas was introduced to the reactor

at 50 sccm as a precursor for the growth of VACNT forests

while keeping the reactor at 80 mbar and 625 �C. The height

of VACNT forests was easily determined by controlling the

growth time.

A thin silicone layer was conformally coated on as-

prepared VACNT forests to make the surfaces hydrophobic

while maintaining nanoscale morphologies using a vapor

phase deposition technique [33]. For this, the VACNT forest

sample (3 cm · 6 cm) and a PDMS slab, which is employed

as a coating source, were first placed in a beaker without over-

lapping each other, and the beaker was carefully covered with

an aluminum foil. The covered beaker containing the sample

and source was then placed in an electric furnace (MF 32-G,

JEIO TECH), followed by heating to �250 �C for 30 min to form

a conformal silicone layer on the VACNT forests.
2.2. Fabrication of hierarchical VACNT superhydrophobic
surfaces

Hierarchical VACNT structures were fabricated by forming

VACNT micro-pillar arrays on surfaces using a simple con-

tact transfer technique facilitated by a PDMS stamp with

sticky surface. The PDMS stamp was fabricated by a stan-

dard soft-lithography process. For this, a negative-tone

photoresist (PR; THB-151N, JSR Micro) was first spun on an

oxidized silicon substrate at 700 rpm for 20 s using a spin-

coating system and planarizated at room temperature for

24 h. After soft baking at 120 �C for 20 min on a hotplate to

evaporate the solvent, the PR layer was selectively exposed

to an ultraviolet light source with a photomask using a

photolithographic system. Finally, �70-lm-thick PR molds
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were prepared by developing non-crosslinked PR portions in

a 2.38% tetramethylammonium hydroxide (TMAH) solution.

PDMS prepolymer (Sylgard 184 A, Dow Corning) mixed with

a curing agent (Sylgard 184 B, Dow Corning) at a weight ratio

of 20:1 was poured onto the prepared PR molds after entirely

removing air bubbles in a vacuum desiccator. Subsequently,

the PDMS mixture was slightly polymerized at 70 �C for

15 min for easy manipulation while ensuring sticky surfaces,

which are greatly desirable for easy patterning in the follow-

ing contact transfer process.

After carefully peeling off from the PR mold substrate, a

PDMS stamp was prepared and placed on the sample while

facing the VACNT forest. The PDMS stamp was then pressed

slightly to ensure conformal interfacial contact between the

stamp and VACNTs while carefully monitoring the contact

parts through the optically transparent PDMS stamp, followed

by fully curing at 70 �C for 15 min to promote strong physical

binding at the bonding interface. The square VACNT micro-

pillar arrays were defined on the substrate by selectively

removing the VACNT parts in contact with the stamp. Based

on this approach, VACNT micro-pillar arrays with various pil-

lar-to-pillar spacings ranging from 45 to 160 lm with respect

to a fixed width of �65 lm were easily fabricated. This simple

strategy makes it possible to achieve the dual-scale VACNT

surfaces with pillar-arrayed micro-roughness incorporated

with inherent nanoscale CNT asperities. Finally, all the pro-

cessed samples were conformally coated with a thin hydro-

phobic silicone layer.
Fig. 1 – VACNT forests. Surface morphologies of (a) as-prepared a

section profiles of (c) as-prepared and (d) silicone-coated VACNT
2.3. Characterization

The morphologies of the as-prepared and micro-pillar-arrayed

VACNT forests with thin silicone layers were characterized

using filed-emission scanning electron microscopy (FESEM;

S4700, Hitachi). Their chemical compositions were examined

using energy dispersive X-ray spectroscopy (EDX), which is

equipped with FESEM. The WCAs of the prepared samples

were measured with 10-lL deionized (DI) water droplets by

a sessile drop method using a commercially available contact

angle meter (KRÜSS, DSA 20E) equipped with a CCD camera

module. The CAHs were characterized by calculating the

differences between the advancing and receding WCAs

measured while continuously increasing (to 13 lL) and

decreasing (to 7 lL) the volume of water droplets (initial

10 lL), respectively. All the measurements of WCAs and CAHs

were carried out on at least five different regions.

For the squeezing test, a PDMS slab with a 10-lL water dro-

plet was first placed on the prepared samples that were facing

each other. After precisely leveling the stage, the droplet was

squeezed on the surfaces of the VACNT forests by pressing

the PDMS slab at a speed of �1 mm/s and subsequently lifted

while observing the surface states during the process.

For the sliding test, a 10 lL water droplet was gently intro-

duced to the sample with the inter-pillar spacing of 160 lm

after placement on a custom-made tilting stage equipped in

the contact angle meter. The sliding behavior of the water

droplets was examined by real-time observation using a
nd (b) silicone-coated VACNT forests (scale bars: 5 lm). Cross

forests (scale bars: 1 lm).
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high-speed digital video camera (Photron, FASTCAM SA3)

with a maximum frame rate of 120,000 frames/s.

For the impact test, a 10-lL water droplet was dropped on

the sample with an inter-pillar spacing of 160 lm at various

impact heights (HI = 20, 40, 60, 80, and 100 mm) by a syringe

installed in the contact angle meter. The resultant imping-

ing-and-rebounding behaviors of the water droplets were

observed carefully and recorded in real time using a high-

speed digital video camera.
Fig. 2 – Superhydrophobic robustness of silicone-coated

VACNT forests. (a) WCAs measured on the as-prepared and

silicone-coated VACNT forests as a function of water droplet

volume. Surface morphologies of the tested VACNT forests

after fully evaporating water: (b) as-prepared, and (c)

silicone-coated (scale bars: 50 lm) (insets: magnified views,

scale bars: 5 lm). (A color version of this figure can be

viewed online.)
3. Results and discussion

Fig. 1(a) and (b) shows the surface morphologies of the as-pre-

pared and silicone-coated VACNT forests, respectively. The

SEM images indicate uniform nanoscale roughness on both

surfaces. However, the magnified cross-sectional SEM image

in Fig. 1(d) clearly shows that VACNTs at the surface regions

are covered conformally with a thin silicone layer, in contrast

to the as-prepared samples (Fig. 1(c)).

The presence of the conformal silicone layer was further

proven by characterizing the cross sections of the silicone-

coated VACNT forest using SEM and EDX analysis (Fig. S1 in

Supporting Information). Prior to surface characterization of

the silicone-coated VACNTs, the effect of the silicone layer

on surface wetting properties was first examined by measur-

ing and comparing the WCAs and CAHs of the bare and sili-

cone-coated silicon surfaces. Consequently, the intrinsic

WCA and CAH of the bare silicon surface were improved after

silicone coating by �84.5% and �13.2%, respectively (Fig. S2 in

Supporting Information). This means that the deposition of

the thin silicone layer contributed greatly to making the solid

surface hydrophobic by reducing the surface energy.

Fig. 2(a) shows the WCAs measured on the as-prepared

and silicone-coated VACNT forests as a function of volume

of the water droplet. In this case, the measurements were per-

formed immediately after sitting the water droplets on the

surfaces to avoid time-dependent changes of WCA on the

as-prepared VACNT forest, as observed in Fig. S3 in Support-

ing Information. The WCA of the as-prepared VACNTs was

gradually decreased while increasing the volume to 30 lL.

This reveals that the surface state of the as-prepared VACNT

forest is too unstable to be wet, even with the pressure

increased slightly due to the increase in volume of the water

droplet. Fig. 2(b) shows the surface morphology of the tested

as-prepared VACNTs after fully evaporating the water compo-

nents. It was seen that bundles of the VACNTs were formed

probably due to the surface tension generated during drying

[9], which also verifies that the water droplet eventually per-

meated into the spaces among the VACNTs.

On the other hand, the static wetting properties of the sili-

cone-coated VACNTs were found to be stable while maintain-

ing higher WCAs than those of the as-prepared ones

regardless of the volume of the droplet (Fig. 2(a)). Even after

drying, the nanoscale surface roughness was retained well

without any appreciable morphological changes, as shown

in Fig. 2(c).

This suggests that the thin silicone layer performs an

important function in achieving stable superhydrophobic per-

formance of the VACNT forests by facilitating the retention of
the inherent nanoscale roughness of VACNTs (which have a

large fraction of air in the surface) and protecting the forests

from water penetration.

The superhydrophobic robustness of the samples was

further examined by the squeezing test, as shown in Fig. 3.

When the water droplet squeezed on the as-prepared VACNT

surface was lifted, the droplet was severely deformed while

bridging the two surfaces. Upon further lifting, the droplet

was eventually separated while leaving some portion of the

droplet with much lower WCA on the VACNT surface, as

shown in Fig. 3(a). This probably originates from an increase

in the interfacial contact area of water droplets to the CNT

surfaces with relatively high surface energy due to water

penetration into the spaces among the VACNTs. On the other



Fig. 4 – Fabrication of hierarchical VACNT superhydrophobic surfaces. (a) Schematic illustrations of key fabrication

procedures. (b) SEM image of the fabricated VACNT micro-pillar arrays (scale bar: 1 mm) (inset: enlarged view of micro-pillars,

scale bar: 100 lm). (c) Magnified SEM image of surface morphology of the pillar top area. (A color version of this figure can be

viewed online.)

Fig. 3 – Sequential images of water droplets squeezed on (a) as-prepared and (b) silicone-coated VACNT forests. (A color

version of this figure can be viewed online.)
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hand, the water droplet completely remained on the PDMS

slab after the squeezing test, clearly showing that the sili-

cone-coated VACNT forest is highly water-repellent, as shown

in Fig. 3(b). This is due to the fact that the functional hydro-

phobic silicone layer is coated conformally even inside the

forest, not only at the surface area, as proven by SEM and

EDX investigations (Fig. S1 in Supporting Information).

Fig. 4 shows the key fabrication process of the proposed

hierarchical VACNT superhydrophobic surfaces based on the

facile contact transfer of VACNTs and subsequent vapor

phase silicone deposition. The resultant VACNT micro-pil-

lar-arrayed hierarchical surfaces are shown in Fig. 4(b),
indicating uniform morphologies in terms of pillar widths

and heights and pillar-to-pillar spacings. The magnified SEM

image of the pillar top surface in Fig. 4(c) shows that the

inherent nanoscale morphologies are still maintained with-

out significant changes after the process.

Fig. 5 shows the surface wetting properties examined on

the fabricated hierarchical VACNT superhydrophobic sur-

faces, and the performance was also summarized in

Table S1 in Supporting Information. Although a high WCA

of 154.7 ± 1.8� was achieved on the silicone-coated VACNT

forest (nanoscale roughness), the static wetting properties

were further enhanced by incorporating micro-pillar-arrayed



Fig. 5 – Surface wetting properties of the hierarchical VACNT superhydrophobic surfaces. (a) WCAs (inset: water droplets

sitting on each surface). (b) CAHs as a function of pillar-to-pillar spacings. (c) Sequential snapshots of water droplet rolling off

the hierarchical surface tilted with �5� (scale bar: 2 mm). (A color version of this figure can be viewed online.)

Fig. 6 – Sequential photographs of water droplet impinging

on the hierarchical surface at impact velocity of �0.63 m/s

(scale bar: 2 mm). (A color version of this figure can be

viewed online.)
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morphologies (microscale roughness), as shown in Fig. 5(a).

Moreover, the WCAs of the hierarchical VACNT surfaces were

gradually increased by increasing the pillar-to-pillar spacing,

which is consistent with Cassie-Baxter theory [34]. The high-

est WCA of 168 ± 0.3� was found on the surface with an inter-

pillar spacing of 160 lm. This means that the micro-pillar-

arrayed surface geometries provide sufficient spaces that

can support water droplets, preventing the bottom surfaces

from being wet. In addition, the lowest CAH of 2.64 ± 0.4�
was also obtained by increasing the pillar-to-pillar spacing

to 160 lm mainly due to the considerable reduction of the

actual contact area of water droplets (increase in fraction of

air), as shown in Fig. 5(b).

The roll-off characteristics of water droplets on the hier-

archical VACNT forests were examined by the sliding test.

Fig. 5(c) shows a series of snapshots of a water droplet rolling

off the prepared hierarchical VACNT forest placed on the

stage tilted by �5�. After dispensing, the droplet immediately

rolled off from the surface without pinning and disappeared

completely within hundreds of milliseconds, as shown in

Fig. 5(c). In addition, it was clearly seen that the

droplet almost perfectly maintains its spherical shape when

rolling off. This confirms that the difference between the

advancing and receding WCAs is insignificant, which corre-

sponds to the low hysteresis (Fig. 5(b)). This is more clear

evidence that the hierarchical VACNT surfaces are in the

Cassie-Baxter state.

The water-repellent characteristics of the hierarchical

VACNT surfaces under dynamic conditions were evaluated

by observing the impinging-and-rebounding behavior of fall-

ing water droplets. Fig. 6 shows the sequential photographs

of the droplet captured every 4 ms during the dynamic impact
test with an impact velocity (VI) of �0.63 m/s, which corre-

sponds to the impact height of 20 mm.

The droplet impinging on the surface first spread maxi-

mally. Subsequently, the droplet started to retract, followed

by perfectly rebounding from the surface without any

pinning or splashing phenomena, as shown in Fig. 6. Upon



Fig. 7 – Digital images of impinging water droplets in the (a) spreading and (b) elongation (just before rebounding) stages at

different impact velocities (scale bar: 2 mm). (A color version of this figure can be viewed online.)
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impingement, the balance of wetting pressures (water ham-

mer pressure (PH) and dynamic pressure (PD)) of impinging

droplets and anti-wetting pressure (capillary pressure (PC))

of roughened surfaces determines the surface wetting states.

In particular, superior water-repellent performance can be

achieved only when PC is larger than both PH and PD [35–37].

The complete rebound of the droplet (at VI = �0.63 m/s) on

the hierarchical VACNT surface reveals that the effective

anti-wetting capillary pressure of the surface is high enough

to entirely repel the impinging droplet.

To further examine the effect of the unique VACNT archi-

tectures on the superhydrophobic robustness of the hierarch-

ical surfaces with respect to droplet impingement, impact

tests were carried out at higher impact velocities ranging

from �0.89 to �1.4 m/s (corresponding to impact heights of

40–100 mm). Fig. 7 shows the digital images of impinging dro-

plets in the spreading and elongation (just before rebounding)

stages at different impact velocities.

It was seen that the impinging droplets are more severely

deformed in the spreading stage and subsequently lengthen

out more in the elongation stage with increasing impact velo-

city. Nevertheless, the droplets eventually rebounded comple-

tely from the surface while retaining the superior water-

repellency for all of the tested velocities, as shown in Fig. S4

in Supporting Information. This suggests that the unique

architectures of the micro-pillars made of densely aligned

high-aspect-ratio CNTs coated conformally with hydrophobic

silicone play a significant role in achieving high effective anti-

wetting capillary pressure of the micro-pillar-arrayed surface.

The experimental observations clearly suggest that the

simple combination of the contact transfer and subsequent

silicone coating processes makes it possible to prepare a new

class of high-performance hierarchical superhydrophobic
surfaces while ensuring superhydrophobic robustness in the

Cassie-Baxter regime.

4. Conclusions

High-performance hierarchical superhydrophobic surfaces

based on VACNT forests with inherent nanoscale roughness

were demonstrated by simple contact transfer and subse-

quent silicone coating processes. The surface wetting proper-

ties of VACNT forests were enhanced and significantly

stabilized through the conformal deposition of a thin silicone

layer. The conformal deposition of the thin silicone layer was

experimentally proven by SEM and EDX characterizations.

Further improvement of the surface wetting properties was

achieved by producing periodic VACNT micro-pillar arrays

using a facile contact transfer technique. The resultant hier-

archical VACNT surfaces showed superior superhydrophobi-

city (WCA of 168 ± 0.3�, CAH of 2.64 ± 0.4�, and sliding angle

of <�5� for 160-lm-spaced sample) in the Cassie-Baxter

regime. In addition, the hierarchical surfaces were found to

be highly water-repellent (complete droplet rebounding at

impact velocity of up to �1.4 m/s), which is facilitated by

the improved effective anti-wetting capillary pressure with

the help of inherent nanoscale roughness of the VACNT

micro-pillars.
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