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Millions of years before we began to generate functional

nanostructures, biological systems were using nanometer-scale

architectures to produce unique functionalities.[1–3] For

instance, moths use hexagonal arrays of nonclose-packed

(ncp) nipples as antireflection coatings (ARCs) to reduce

reflectivity from their compound eyes.[1,3,4] The outer surface

of the corneal lenses of moths consists of ncp arrays of conical

protuberances, termed corneal nipples, typically of sub-300 nm

height and spacing.[4] These arrays of subwavelength nipples

generate a graded transition of refractive index, leading to

minimized reflection over a broad range of wavelengths and

angles of incidence.[5] Similar periodic arrays of ncp pillars

have also been observed on the wings of cicada to render

superhydrophobic surfaces for self-cleaning functionality.[2] In

this Communication, we report a simple and scalable

bioinspired templating technique for fabricating broadband

and superhydrophobic ARCs on technologically important

silicon and glass substrates.

Crystalline silicon is the most important material for solar

cells.[6,7] Unfortunately, due to the high refractive index of

silicon, more than 30% of incident light is reflected back from

the surface of crystalline silicon.[6] ARCs are therefore widely

utilized to reduce the unwanted reflective losses. Quarter-

wavelength silicon nitride (SiNx) films deposited by plasma-

enhanced chemical vapor deposition (PECVD) are the

industrial standard for ARCs on crystalline silicon sub-

strates.[8] However, the PECVD-deposited SiNx films are

expensive to fabricate. Additionally, commercial SiNx ARCs

are typically designed to suppress reflection efficiently at

wavelengths around 600 nm.[6] The reflective loss is rapidly

increased for near-infrared and other visible wavelengths,

which contain a large portion of the incident solar energy. In

contrast, subwavelength-structured moth-eye ARCs directly

patterned in the substrates are broadband and intrinsically

more stable and durable than multilayer ARCs since no

foreign material is involved.[9–12] Nevertheless, current top-

down lithographic technologies in creating subwavelength
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silicon gratings, such as electron-beam lithography,[13,14]

nanoimprint lithography,[15] and interference lithography,[12]

require sophisticated equipment and are expensive to imple-

ment.

Glass is another important optical substrate. Although the

reflective loss from glass is not as severe as that from silicon, a

ca. 4% optical reflection from each air/glass interface could still

degrade the performance of optical devices especially when

multiple components are involved.[16,17] To generate efficient

ARCs on glass substrates, various bottom-up self-assembly

techniques have been extensively exploited.[18–28] For instance,

layer-by-layer assembly of polyelectrolyte or polyelectrolyte–

colloid multilayers has been demonstrated as an efficient

means in creating ARCs on glass.[16,18,22,26] Unfortunately,

traditional bottom-up techniques suffer from low throughput

and incompatibility with standard microfabrication, limiting

the mass production of practical coatings. Furthermore, only

limited, close-packed crystal structures are available through

conventional colloidal self-assemblies, whereas ncp structures

are needed to mimic the microstructures on natural moth eyes

and cicada wings.[4]

We have recently developed several simple colloidal

templating approaches for fabricating moth-eye ARCs on

both glass and silicon substrates.[29–32] All these approaches are

based on a simple and scalable spin-coating technique that

enables wafer-scale production of colloidal crystals with ncp

structures.[33,34] Although transparent polymer moth-eye

ARCs with good antireflective properties has been demon-

strated,[29] the low aspect ratio (ca. 0.5) of the templated

nipples hampers the realization of superhydrophobic coat-

ings.[30] Broadband silicon ARCs have been fabricated by

using 2D ncp colloidal crystal as etching mask during an SF6

reactive ion etching (RIE) process.[31] However, reproducible

production of wafer-scale silicon pillars with high aspect ratio

(�5.0) for making superhydrophobic ARCs is difficult to

achieve. Here we systematically investigate the antireflective

and nonwetting properties of templated pillar arrays with high

aspect ratio (up to ca. 10) to ultimately realize self-cleaning

broadband ARCs on both silicon and glass substrates.

The outline of the templating procedures for patterning

subwavelength pillar arrays on silicon substrates is shown in

Figure 1. The spin-coating technique[34] is firstly used to

generate ncp colloidal monolayers of hexagonally ordered

silica particles on (100) silicon wafers (Fig. 1A). These particles

are then used as etching mask during a chlorine-RIE process

(5 mTorr pressure (1 Torr¼ 1.333� 102 Pa), 20 SCCM chlorine

flow rate, and 80 W). As the etching rate of silica is much lower

than that of silicon under above RIE conditions,[35] silica

particles protect silicon immediately underneath them from
H & Co. KGaA, Weinheim 1
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Figure 1. Outline of the templating procedures for fabricating antireflec-
tive silicon pillar arrays by using ncp colloidal monolayer as template.

Figure 2. Templated silicon pillar arrays. A) Photograph of a 4 in. silicon
wafer with the right half covered by subwavelength pillars and the left half
unetched. The sample is illuminated with white light. B) Silicon pillars after
10min RIE. C) Silicon pillars after 50min RIE. D) Pillar depth dependence
on RIE duration.
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Figure 3. Experimental (solid) and RCWA-simulated (dotted) specular
reflection at normal incidence from a flat silicon wafer and a 60min etched
silicon pillar array.
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being etched, resulting in the formation of pillar arrays directly

on silicon surface (Fig. 1B). Once the silicon pillars are deep

enough, the templating silica spheres can be removed by

dissolving in a 2% hydrofluoric acid aqueous solution.

Interestingly, we observe arrays of ‘‘micro-candles’’ consisting

of silicon columns as candle bodies and polymer dots as candle

wicks (Fig. 1C). The polymer dots are unetched residue of the

thin polymer wetting layer (�100 nm thick) between the

spin-coated colloidal monolayer and the silicon substrate.

These dots can be easily removed by brief oxygen RIE to

generate clean silicon pillar arrays (Fig. 1D).

The residual polymer dots play a crucial role in determining

the shape and aspect ratio of the templated silicon pillar arrays.

This accounts for the poor reproducibility and low aspect ratio

of pillars generated by the SF6 RIE process (40 mTorr pressure,

26 SCCM SF6, 5 SCCM O2, 25 W). In SF6 RIE, reactive oxygen

is also an active component that gradually attacks the polymer

dots underneath the templating silica particles. When the dots

are too narrow to support the silica spheres, they fall down

before the silicon pillars reach enough depth. Once particle

array collapses, isotropic etching of the exposed silicon pillars

further reduces the aspect ratio. In contrast, during the current

chlorine RIE process, reactive chlorine ions do not affect the

polymer dots. This leads to the formation of silicon pillars with

high aspect ratio, which benefits both antireflective and

superhydrophobic properties.[2,4]

The current templating technique can be easily utilized to

generate wafer-scale silicon pillar arrays. Figure 2A shows a

photograph of a 4 in. silicon wafer with the right half covered

by subwavelength pillars and the left half unetched. The intact

left side is mirror-like and highly reflective, while the right side

with moth-eye microstructures exhibits much lower reflection.

This is confirmed by the appearance of the overhead lamp used

to illuminate the wafer on the left side, while no reflection

image is visible on the right side. Figure 2B and C show

scanning electron microscope (SEM) images of silicon pillar

arrays etched for 10 and 50 min, respectively. It is apparent that

the templated nipples are hexagonally ordered. The
www.advmat.de � 2008 WILEY-VCH Verlag GmbH
10 min-etched pillars have vertical sidewalls, while the

50 min-etched pillars are tapered. This is caused by the gradual

shrinkage of the templating silica spheres during the RIE

process. The templated pillar depths at different RIE durations

are measured by cross-sectional SEM images and are shown in

Figure 2D. Pillars with depth of ca. 2.2mm and aspect ratio of

ca. 10 can be reached. Longer etching results in damaged pillars

due to the significant shrinkage of the templating silica spheres

which are too small to protect the underneath silicon from

being etched.

The specular optical reflectivity of the templated silicon

pillar arrays are evaluated using visible-near-IR reflection

measurement at normal incidence. The solid lines in Figure 3

show the measured reflection from a bare silicon wafer and a

60 min-etched silicon pillar array. The wafer exhibits >30%

reflectivity for all above wavelengths, consistent with previous

measurements.[14,23] The templated subwavelength grating
& Co. KGaA, Weinheim Adv. Mater. 2008, 20, 1–5
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Figure 4. Sol–gel glass pillar array templated from a silicon pillar array
(30min RIE). A) Top-view SEM image. B) Tilted-view (458) SEM image.
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Figure 5. Experimental (solid) and RCWA-simulated (dotted) specular
reflection at normal incidence from a flat glass substrate and a spin-on
exhibits much lower reflection (<2.5%) over the whole

spectrum, indicating broadband antireflection. For pillars with

lower aspect ratio, the reflection increases but is always below

the value of a flat silicon wafer.

The experimental reflection measurements are complemen-

ted by theoretical calculations using a rigorous coupled-wave

analysis (RCWA) model.[36,37] We assume the templated

pillars as shown in Figure 2D have shape like inverted circular

paraboloid with base radius r and height h. We firstly divide the

whole inverted circular paraboloid into 100 horizontal circular

layers. The z-coordinate z* and the radius r* of each layer

satisfy r� ¼ r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � z�=h

� �2
r

, where 0 � z� � h. The internipple

distance is defined as
ffiffiffi
2

p
D, where D is the diameter of

templating silica spheres.[33,34] We can then calculate the

fraction of silicon in each layer as f ðz�Þ ¼ pðr�Þ2. ffiffiffi
3

p
D2. The

effective refractive index n(z*) of the layer at height z* can

be approximated by nðz�Þ ¼ ff ðz�ÞnqSi þ ½1 � f ðz�Þ�nqairg
1
q,

where q¼ 2/3.[4,38] The complex refractive index of silicon is

used to calculate the reflectance.[39] We finally calculate the

reflectance of the whole system by solving the Maxwell

equation to express the electromagnetic (EM) field in each

layer and then matching EM boundary conditions between

neighboring layers for the determination of the reflectance of

the system.

The dotted lines in Figure 3 show the simulated specular

reflection from a flat silicon wafer and a hexagonal array of

silicon pillars with 2200 nm height templated from 380 nm silica

spheres. It is apparent that the calculated reflection from the

silicon wafer is very close to the measured spectrum. The

simulated reflection from the templated pillar array also agrees

reasonably well with the experimental spectrum, though the

matching is not as good as the flat wafer. This is due to the

limitation of the RCWA model which assumes a uniform

refractive index instead of periodic modulation within each

sliced layer.[37]

Thetemplatedsiliconpillarswithhighaspectratiocanbeused

as second-generation templates to replicate polymer or glass

moth-eye ARCs on transparent substrates. A poly(dimethylsi-

loxane) (PDMS) mold is firstly cast over the silicon template and

then put on top of sol–gel glass precursor supported by a glass

slide.[40] The precursor is then solidified by baking at 120 8C for

5 min. Glass pillar arrays with high aspect ratio can then be made

after peeling off the PDMS mold. Figure 4 shows top- and

side-view SEM images of the resulting glass pillars templated

from a 30 min etched silicon pillar array. It is evident that the

long-range hexagonal ordering and the interpillar distance are

retained throughout the templating process. The size and depth

of the glass pillars are reduced by ca. 10% than those of silicon

pillars due to the volume shrinkage during the solidification of

sol–gel precursor. The templated glass pillar arrays with high

aspect ratio exhibit excellent antireflective properties over the

whole visible spectrum (Fig. 5). The featureless glass substrate

shows ca. 4% reflection for the visible spectrum, while the
Adv. Mater. 2008, 20, 1–5 � 2008 WILEY-VCH Verlag G
subwavelength glass pillar-covered substrate exhibits much

reduced reflection (<0.5%). The simulated spectra agree

reasonably well with the optical measurements for both flat

glass substrate and the glass pillar array.

The templated silicon and glass subwavelength pillar arrays

with high aspect ratio can also significantly enhance the

hydrophobicity of the substrate surface due to the high fraction

of air trapped in the trough area between pillars.[2,41,42] The

hydrophobicity of silicon and glass pillars can be further

improved by functionalizing them with fluorosilane through

the well-established silane coupling reaction.[43] Figure 6A and

B show water drop profiles on fluorosilane-modified silicon and

glass pillar arrays, respectively. Both coatings are super-
glass (SOG) pillar array as shown in Figure 4.

mbH & Co. KGaA, Weinheim www.advmat.de 3
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Figure 6. Superhydrophobic coatings achieved on both templated silicon
and sol–gel glass pillar arrays. A) Water drop profile on a fluorosilane-
modified silicon pillar array (60min RIE). B) Water drop profile on a
fluorosilane-modified glass pillar array templated from the sample in
(A). C) Apparent water CA of templated silicon and glass pillar arrays
etched at different RIE durations.

4

hydrophobic and the measured apparent water contact angle

(CA) is ca. 1728 for the former and ca. 1608 for the latter,

significantly enhanced from ca. 1088 to ca. 1058 on fluorinated

flat silicon and glass substrates. Figure 6C shows the

dependence of the measured water CA on RIE duration. It

is apparent that longer etching duration leads to more

hydrophobic surface. This agrees well with previous studies

on microstructure-induced dewetting.[2,41,42] The volume

shrinkage during the sol–gel glass solidification process could

explain the reduced CA for glass pillar arrays than the

corresponding silicon arrays.

In summary, we have developed a simple and scalable

templating technique for making subwavelength ARCs on

silicon and glass substrates. The templated pillar arrays with

high aspect ratio exhibit excellent broadband antireflection

and nonwetting properties. The technique is compatible with

standard industrial manufacturing and is promising for

developing self-cleaning ARCs for a large variety of

technological applications ranging from solar cells and

photodiodes to flat panel displays and optical components.
Experimental

Preparation of NCP Monolayer Colloidal Crystal Templates by
Spin Coating: Monodispersed silica colloids with ca. 380 nm diameter
are synthesized by the Stober method [44, 45]. The silica colloids are
www.advmat.de � 2008 WILEY-VCH Verlag GmbH
purified in 200-proof ethanol (Pharmaco Products) and then redis-
persed in ethoxylated trimethylolpropane triacrylate monomer
(ETPTA, SR 454, Sartomer). Darocur 1173 (1 wt %)
(2-hydroxy-2-methyl-1-phenyl-1-propanone, Ciba-Geigy) is added as
the photoinitiator. The final particle volume fraction is adjusted to ca.
19.8%. The colloidal suspension is then dispersed on a silicon wafer
(test grade, n type, Wafernet). The wafer is spun at 8000 rpm for 360 s
on a standard spin coater (WS-400B-6NPP-Lite Spin Processor,
Laurell). The ETPTA monomer is then photopolymerized for 4 s using
a Pulsed UV Curing System (RC 742, Xenon).

Reactive Ion Etching: Both oxygen and chlorine RIE are performed
on a Unaxis Shuttlelock RIE/ICP reactive-ion etcher. To remove the
polymer matrix to release the embedded silica particles, oxygen RIE
operating at 40 mTorr pressure, 40 SCCM flow rate, and 100 W is
carried out for 120 s. The release silica particles can then be used as
etching mask during the following chlorine-RIE process operating at
5 mTorr pressure, 20 SCCM chlorine flow rate, and 80 W to generate
silicon pillars. The templating silica particles are dissolved in 2% v/v
hydrofluoric acid aqueous solution for 2 min. The residual polymer dots
can finally be removed by the same oxygen RIE process as described
above.

Soft-Lithography-Like Replication: The PDMS (Sylgard 184, Dow
Corning) precursors are mixed and degassed and then poured over the
templated silicon pillar array. After curing at 80 8C for 30 min, the
solidified PDMS mold is peeled off the silicon array. A thin layer (ca.
900 nm thick) of sol–gel glass precursor (512B, Honeywell Electronic
Materials) is spin-coated at 800 rpm for 60 s on a glass slide before
putting on the PDMS mold. After baking at 120 8C for 5 min and
peeling off PDMS, glass pillar arrays can be formed on the glass slide.

Optical Reflection Measurement: An HR4000 High Resolution
Fiber Optic UV–vis spectrometer and an NIR-512 spectrometer (both
from Ocean Optics) with reflection probes are used for reflectance
measurements. A calibrated halogen light source is used to illuminate
the sample and the spectrometers can scan wavelengths from 350 to
1650 nm. Absolute reflectivity is obtained as ratio of the sample
spectrum and the reference spectrum. The reference spectrum is the
optical density obtained from an aluminum-sputtered (1000 nm
thickness) silicon wafer. Final value of absolute reflectivity is the
average of several measurements obtained from different spots on the
sample surface. The resulting reflectivity is calibrated using an Ocean
Optics STAN-SSL low-reflectivity specular reflectance standard for
templated pillar arrays and glass slides and an STAN-SSH High-
reflectivity specular reflectance standard for flat silicon wafers.

Surface Modification and CA Measurement: Both silicon and glass
pillar arrays are chemically modified by reacting with a 4.4� 10�3

M

solution of (heptadecafluoro-1,1,2,2-tetrahydrodecyl) trichlorosilane
(Gelest) in hexane/CCl4 (v/v 70:30) for 2 h at room temperature. The
resulting surfaces are rinsed with dichloromethane and ethanol and
then dried under air. The apparent water CA is measured using a
goniometer (NRL C.A. Goniometer, Ramé-Hart, Inc.) with autopi-
petting and imaging systems.

SEM: SEM is carried out on a JEOL 6335F FEG-SEM. A thin layer
of gold is sputtered onto the samples prior to imaging.
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