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Effective entrapment of air and light is a key element for maintaining stable superhydrophobicity and

enhancing anti-reflection or absorption. Inspired by a wing of male Papilio ulysse having a unique

structure for enabling effective trapping of air and light, we demonstrate that the structure consisting

of well-defined multilayer decorated by nanostructures can be obtained on a silicon wafer by a simple

microelectromechanical process, consequently resulted in stable superhydrophobocity under static

and dynamic conditions, and strong wideband optical absorption. VC 2012 American Institute of
Physics. [doi:10.1063/1.3664636]

Hierarchical nano- and microstructure is a common fea-

ture in biological surfaces, exhibiting remarkable properties

such as superhydrophobic, self-cleaning, anti-reflective, and

strong absorbing characteristics as observed in a wing of

male Papilio ulysse.1–3 It is known that the observed proper-

ties are mainly induced by air or light entrapment in the

structures. As such, according to Cassie’s model describing

the wetting of inhomogeneous surfaces, a rough solid surface

can maintain a composite interface (liquid-air-solid) formed

by trapped air between a water drop and a solid,4 inducing

hydrophobicity by partial sitting of a water drop on air. How-

ever, the composite interface is usually quite unstable

towards external stimuli, consequently leading to loss of

hydrophobocity.5–9 Thus, stabilizing the composite interface

is crucial to maintain long-term stability of roughness

induced hydrophobicity, which is closely related to the abil-

ity of air-trapping in a rough surface. In addition, to enhance

anti-reflectance and absorption in a broad range of the sun

spectrum light should be effectively trapped by surface fea-

tures. In this regard, effective trapping of air or light is a key

component for mimicking such biological surfaces.

Although a multitrap structure can be considered as a

potential route to effective trapping of air or light, the fabri-

cation difficulties hinder the realization of the structures. The

structures particularly generated on inorganic materials are

highly desirable for practical applications due to their chemi-

cal and mechanical stability in harsh environments. More-

over, lacking well-defined model structures limit to in-depth

investigations of the observed properties.

A wing of male Papilio ulysse provide an important

insight into the generation of effective trapping air and light

because it consists of a complex multilayer covered by nano-

structures. Inspried by the unique structure of the wing, here

we report a simple technique for fabricating a multiple trap

structure (MTS) on silicon as a highly applicable material

for various functional surfaces and devices.

To fabricate the MTS, we used a deep reactive ion etch-

ing (DRIE) technique with the Bosch process10 which is com-

monly utilized for the fabrication of deep pore or trench

arrays. In the etching process, however, severe undercut

beneath an etching mask often causes a collapse of the struc-

ture formed. Furthermore, a sequence of alternating passiva-

tion and etch cycles in the Bosch process produces easily the

so-called “scalloping” on the sidewall of pores or trenches,

which should be avoided for many applications.11,12 In the

present experiment, our approach for fabricating the MTS was

to intentionally use the detrimental effects, i.e., undercut and

scalloping. A boron-doped Si (100) wafer was cleaned in the

H2SO4:H2O2¼ 3:1 solution. A 1 lm-thick silicon oxide layer

as an etching mask was thermally deposited on the wafer. Pat-

terning a feature of 0.7lm in pore size and 1.4 lm in pitch

size on the SiO2 was performed by standard lithography, fol-

lowed by DRIE. SF6 and C4F8 were used as an etching and

passivation gas, respectively. The etching and passivation

cycles were switched in a range of 6–9 s. Total processing

time was 10 min. The flow rates of SF6 and C4F8, and platen

power were precisely tuned by ramping, while coil power was

fixed at 600 W. A flow rate of C4F8 was set at 80 sccm (stand-

ard cubic centimeters per minute) and gradually increased at a

rate of 1.5 sccm. A flow rate of SF6 was ramped down from

130 sccm at a rate of 0.5 sccm. To improve sidewall profile,

platen power was increased from 12 W to 17 W at a rate of

0.5 W/min during the process. In general, coating low-sur-

face-energy organic material is required for achieving artificial

superhydrophobic surfaces. However, the organic materials

are not robust in harsh environments. Thus, the artificial super-

hydrophobic surfaces achieved only by texturing are highly

desirable. In this respect, low-surface-energy material was not

coated on the pristine MTS. To rule out wetting properties

affected by the residual polymeric C4F8 on the pristine struc-

ture, we used hydrofluoric acid and potassium hydroxide

(KOH) solution for removing C4F8.

Fig. 1 shows representative scanning electron micro-

scope (SEM) images and a schematic illustration of the

MTS. The MTS consists of multilayer decorated bya)Electronic mail: shy@kth.se.
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nanostructures. The rectangular nanocones are placed on the

top edges of the micropore structure, which were resulted

from selective etching by controlling undercut at the initial

etching stage. The sidewalls of the nanocones and micro-

pores are covered by a combination of nanobumps and nano-

grooves which was generated from the scalloping. The base

length and height of the nanocone are 200 nm and 2 lm,

respectively. The depth of the micropore is 1 lm and the

spacing of the nanobumps is about 25 nm.

X-ray photoelectron spectroscopy (XPS) using Mg Ka
radiation (hm¼ 1254 eV) was performed to measure the ele-

mental composition of the MTS surface (Fig. 2). The MTS

contained negligible amounts of C. This was mainly seen

through C KLL Auger emission at �250 eV kinetic energy

while photo emitted C1s electrons with �970 eV kinetic

energy was close to the detection limit. The strongest com-

ponent seen in photoemission spectra is F1s at 687.7 eV.

O1s is located at 532.5 eV, which is expected from SiO2.

Between the F1s and O1s Auger electrons from F are

detected. The lower spectrum covers the region around Si2p

and Si2s. The Si2p two peaks are located at 99.3 eV and

103.0 eV, corresponding to Si and SiO2. Si2s is also sepa-

rated in two chemically shifted peaks.

Wetting behaviors of the MTS under static and dynamic

conditions can be seen in Fig. 3. The apparent contact angle

and contact angle hysteresis 168� and 2�, respectively. The

observed wetting properties are obvious because the MTS

has small contact area and discontinuous three-phase contact

(liquid-air-solid) line with water drop as predicted by several

groups.13–15 As an alternative evidence of the low contact

angle hysteresis, impacting water drops on the MTS was per-

formed by releasing water drops at 10 cm height. It shows

elastic bouncing-off of the impacting drops, indicating the

low contact angle hysteresis (Fig. 3(c)).

Artificial superhydrophobic surfaces are commonly

unstable due to instability of a composite interface caused by

external stimuli such as capillary waves, nano/microdrop

condensations, and surface inhomogeneity. It was suggested

that hierarchical roughness is a critical element for stabiliz-

ing a composite interface.7–9 We show that the factors

affected on stability of superhydrophobicity can be resolved

by making hierarchical multiple air-traps, maintaining static

and dynamic superhydrophobicity over one year. The MTS

consists of three trapping sites for air, and those are nano-

cone array, micropore array, and nanogrooves. Indeed, the

nanocone array like nanowire array can be regarded as an

open trap for air, whereas the micropore array is a confined

trap. By vertically combining two traps, possible perturba-

tions induced by capillary waves in the open trap can be

minimized since the micropore array could be functioned as

a stabilizer for perturbing air. Moreover, air trapping by the

nanobumps and nanogrooves resists microdrop condensa-

tion, preventing the air traps from water-filling. To clarify

this, mist was sprayed on the patterned MTS, revealing that

small water drops coalesce into bigger drops and eventually

rolling to non-textured silicon surfaces (Fig. 3(b)).

To measure optical absorptions, we used standard hemi-

spherical integrating system. Fig. 4 shows absorption spectra

FIG. 1. SEM images of the MTS. (a) Large area, scale bar (5 lm) and (b)

magnified view showing the formation of nanobumps and nanogrooves on

the sidewall of nanocones and micropore structures, scale bar (1 lm). (c)

Top view, scale bar (1 lm). (d) Schematic illustrations of the MTS.

FIG. 2. XPS spectra taken from the MTS, showing strong F peaks with neg-

ligible C peak.

FIG. 3. Wetting behaviors of the MTS. (a) An optical image of a water drop

(4 ll) deposited on the MTS. (b) Water accumulation on non-textured sili-

con surface (grey) after spraying mist; the MTS shows in black. (c) Sequen-

tial images of impacting water drops (0.5 and 1.5 ll) on the MTS (20 ms/

frame).
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of the MTS. The featureless strong absorption extends to the

sub-bandgap region. Above the bandgap (<1.1lm). the

strong absorption can be explained by topological effects. As

such, light can be strongly confined by multiple traps. In par-

ticular, the nanocone as a graded refractive index layer

reduces the reflection due to a gradual increase of the aver-

aged reflective index. The horizontally well-ordered nano-

scale bumps and grooves further enhance absorption because

light is likely scattered along in-plane direction, increasing

light path for absorption. However, the origin of the below

bandgap absorption is unclear at present.

In the RIE process, structural defects such as fluorine-

vacancy complexes are formed by penetrating fluorine into

silicon lattice at or near the surface structure.16–20 The

defects created and the high concentration of fluorine impu-

rity as detected by XPS can modify surface states by intro-

ducing impurity states in the bandgap. Hence, the surface of

the nanocones can be considered as an absorber for photons

which has energy lower than the bandgap energy.

To further investigate a role of the absorber the nano-

cones were removed by scrapping. Compared to the pristine

MTS, it shows distinctive optical properties. The absorption

decreases over a wide range of wavelengths. The reduction

becomes more pronounced below the bandgap, which is

caused by the reduction of trapping sites and the absorbing

layer. Interestingly, oscillation of the absorption occurs,

which is ascribed to optical impedance mismatching at the

interface between the nanocones and the underneath micro-

pores. It suggests that the nanocone array can be functioned

as a good optical impedance matching system for higher

absorption. In conjunction with the optimum optical imped-

ance matching system produced by the MTS, the defect-

induced absorbing layer is revealed as a novel platform for

enabling the strong absorption below the bandgap.

In summary, we have demonstrated that a well-defined

multilayer decorated by nanostructures as exhibited in a

wing of male Papilio ulysse could be a direct means of effec-

tive entrapment of air and light, resulted in stable superhy-

drophobic under static and dynamic conditions, and strong

wideband optical absorption. Our results highlight that the

unique characteristics were simultaneously obtained from

the structure prepared by using simple microelectromechani-

cal technique, which can readily build integrated systems for

electro-optical devices. The pertaining self-cleaning property

provides further protective layer on the devices. Owing to

the well-defined structure, it can be used as a model structure

for studying wetting and optical properties in surfaces of bio-

logical relevance.
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FIG. 4. (Color online) Absorption spectra of the MTS (red). Blue line shows

absorption spectra after removing the nanocone array. Inset: Optical image

of the MTS arrays patterned on a 4 in. silicon wafer.
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